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Preface 


Although the basis of chromatography was developed a century ago, new separation 
methods still continue to appear. Today the technological developments allow 
identification and determination of compounds at levels not attainable a few years 
ago. Attomole concentrations of biomarkers can be determined, and for specific 
compounds even single cells can be analyzed. 

This book aims to aid new users of chromatography, independent of background, 
in understanding the basics, and also can be used as a textbook for courses at the 
undergraduate and graduate levels. 

The major chromatographic techniques have been included. However, the book 
does not intend to give a comprehensive overview of the historic developments in 
separation science, and some classical techniques that are not in use today have not 
been covered. An example is paper chromatography, which was replaced by the more 
efficient thin layer chromatography a long time ago. Another example is column 
liquid-liquid partition chromatography, which more or less disappeared after the 
introduction of chemically bonded phases in HPLC. 

Electrophoresis, although basically not a chromatographic technique, is included 
due to its close relationship to chromatography and since some chromatographic 
techniques are hybrids of electrophoresis and chromatography. A chapter on field- 
flow fractionation has also been included, due to the chromatography-like properties 
and the increasing recent interest in the technique. 

A chapter on sample preparation has been considered important, especially for 
newcomers to chromatography, since preparing the sample is often more time 
consuming than the analysis itself. In addition, choosing the right or wrong sample 
preparation may be decisive for the ability to find analytes at low concentration 
levels. There is some overlap in describing molecular interactions in Chapters 3 
and 9, but this is done on purpose allowing the chapters to be read independent of 
each other. 

Trying to look into the crystal bowl is a difficult task, but it is hard to see a reduced 
need for chromatography in a time where more and more emphasis is placed 
on determining trace amounts of both known and unknown compounds. 


xill 
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Preface 


How important the concept of miniaturized systems like lab-on-a-chip will be for 
analytical chemistry in the future remains to be seen, but miniaturization is 
definitely a trend of our time. 


Elsa Lundanes 
Léon Reubsaet 
Tyge Greibrokk 


1 
General Concepts 


1.1 
Introduction 


The concept of separating sample components in a column was first developed in 
1903 by Mikhail Tswett, who introduced the term chromatography in 1906. 
Unfortunately, his contemporaries showed little interest for the idea and almost 
30 years went by before scientists in Germany rediscovered the principle of column 
liquid chromatography (LC). Then, in 1943 Arne Tiselius (in Sweden) classified 
chromatography into three modes: frontal, elution, and displacement. The elution 
mode actually became synonymous with almost all chromatography, but in recent 
years the displacement mode has attracted new interest, particularly in the separa- 
tion of proteins. 

In the years immediately prior to and during the Second World War, the principles 
of ion exchange chromatography (IEC) and liquid-liquid partition chromatography 
began to develop into crude technical solutions. Then after the war, in the early 
1950s, the new technique of thin layer chromatography (TLC) came to light and 
gradually improved the partition principles used in paper chromatography. A. 
Martin and R.L.M. Synge (in the United Kingdom) received the Nobel Prize in 
1952 for the invention of partition chromatography. Martin with James had also 
developed gas-liquid chromatography at this time. Gas chromatography (GC) was 
readily accepted by research chemists at the major oil companies, who understood 
the large potential of this technique and participated in developing the new 
instrumentation. 

Size exclusion chromatography (SEC) was developed in Sweden by Porath and 
Flodin with dextrin materials (1959), by Hjertén with polyacrylamide (1961) and 
agarose (1964) materials, and by Moore in the United States with polystyrene— 
divinylbenzene (PS-DVB) materials (1964). 

Supercritical fluid chromatography was demonstrated as early as 1962, but it did not 
receive much interest until the technology was improved more than 20 years later. 

The introduction of open tubular columns into gas chromatography revolution- 
ized GC, first with glass capillaries in the 1970s and then with fused silica columns 
in the 1980s. A similar revolution started with the gradual development of new 
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1 General Concepts 


Table 1.1 Properties of chromatographic techniques. 


Technique Mobile phase Driving force Stationary phase 
GC Gas Gas pressure/flow Solids, liquid films 
HPLC Liquid Pump flow Solvated solids 
SFC Supercritical fluid Pump flow Solids, liquid films 
TLC Liquid Capillary forces Solids 

EC Liquid Electric field Solids 

MEKC Liquid Electric field Micelles 


columns and instrumentation in liquid chromatography. With columns filled with 
small particles, the high-pressure liquid chromatography of the 1970s—1980s was 
later renamed high-performance liquid chromatography (HPLC). 

Gel electrophoresis (GE) was developed in the 1940s, while capillary electropho- 
resis appeared 40 years later. Then chromatography with electric potential-driven 
liquid flow also developed into micellar electrokinetic chromatography (MEKC) and 
electrochromatography (EC), both with capillary columns. Electrophoresis, thus, is 
not a chromatographic technique, since there is no stationary phase, except in 
MEKC and EC. 

To date, HPLC has become the dominating chromatographic technique, with 
capillary GC being second only to it (for the more volatile analytes). Both GC and 
HPLC are mature separation techniques today, however, HPLC is still being developed 
toward faster and more efficient separations and also partially toward miniaturized 
columns, particularly for applications in the life science area. The majority of the other 
techniques already mentioned are niche techniques today, but still important for a 
relatively smaller number of users compared to HPLC and GC. Electric potential- 
driven techniques have an added opportunity for new technology on microchips. 

Some of the properties of the chromatographic techniques are shown in Table 1.1. 


1.2 
Migration and Retention 


1.2.1 
General 


Inachromatographic system, the sample is introduced in a small volume at the inlet 
of a column or another carrier of the stationary phase. The mobile phase transports 
the sample components in contact with the stationary phase throughout the column. 

Due to different interactions between the sample components and the stationary 
phase, the sample components migrate through the system at different speeds and 
elute from the column with different retention times. 

The retention time is defined as the time between the sample introduction and the 
elution from the column. 


1.2 Migration and Retention 


At the end of the column, a detector provides a signal for all eluting components 
(universal detection) or for a limited number (selective detection). 

In a sample with many components, some compounds will coelute, partly or com- 
pletely, depending on the complexity of the sample and the peak capacity of the column. 

With mass spectrometric detection, even coeluting components can be identified. 


1.2.2 
Mobile and Stationary Phases 


The sample components (solutes) can interact directly with components of the 
mobile phase, except in gas chromatography where there are no such interactions 
and the mobile phase is simply a carrier gas for the sample components. 

When the stationary phase is a solid, often with polar surface groups, and the 
mobile phase is either a gas (in GC) or an organic solvent (in LC), the separation 
principle is based on adsorption, and the term adsorption chromatography can be 
used. Other not so commonly used terms are gas—solid chromatography and liquid— 
solid chromatography. The adsorption forces include dispersion interactions, 
dipolar interactions, acid-base interactions, complexation, and so on. 

In gas chromatography, the stationary phase can also be a liquid, where the 
separation principle is based on partition between the two phases. This was also the 
case formerly in liquid chromatography, but after the introduction of chemically 
bonded stationary phases into HPLC, the stationary phase cannot be described as a 
liquid anymore. 


1.2.3 
Chromatograms 


When the sample components are separated and detected by a detector connected to 
the outlet of the column and the signals from the detector are visualized as a 
function of time, a chromatogram is obtained, as shown in Figure 1.1. 

In a chromatogram, the elution time is found at the x-axis, while the y-axis 
constitutes the size of the detector signal. 

Depending on the conditions, the separation of the sample components as well as 
the time of analysis can be adjusted, as shown in Figure 1.2. 

With isocratic elution (constant composition of the mobile phase), the peak width 
will increase with increasing elution time. This cannot be seen clearly in Figure 1.2b 
as the elution mode is gradient elution (changing composition of the mobile phase). 


1.2.4 
Retention Factor 


At any given time during the migration through the system, there is a distribution of 
molecules of each component between the two phases: 


ns/Nm, 


3 


4 
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Figure 1.1 Chromatogram of polymeric amines separated by gradient elution in HPLC. 


10 20 30 = =min 


Figure 1.2 Reducing the time of analysis by gradient elution (b) compared to isocratic elution 
with constant mobile phase composition (a). (From Ref. [7], with permission.) 


1.3 Band Broadening |5 


where n, and n,, are the number of molecules in the stationary and mobile phases, 
respectively, at a given time. When n, is much larger than ny, the migration is very 
slow and the analyte elutes with high retention. In Figure 1.2, compound 11 has the 
highest retention: 


k = ng/Mm is called the retention factor. 


Info-box 1.1 


k is the recommended symbol by IUPAC for describing the retention of a 


compound; it is independent of flow rate, column dimensions, and so on []]. 


If one component migrates through the column in the mobile phase only, with no 
interactions with the stationary phase, the migration time is called ty. An analyte 
with interactions with the stationary phase will be retained and will elute at tp: 


tp = ty + tuk = ty(14+k). 


The ty can be determined by injecting a component known to have no interactions 
with the stationary phase. 
From Equation 1.1, we can obtain a method for measuring k: 


k = (ta — tu)/t- (1.1) 
Time units can also be replaced with volume units: 


Ve = Vu(1 +k). 


13 
Band Broadening 


A sample is injected in a limited volume at the column inlet. If there were no band 
broadening, the volume or the width of the band would be exactly the same at the 
point of detection. Unfortunately, this is not the case. In all chromatographic 
systems, there is band broadening (Figure 1.2), caused by different physical 
processes. 

In the columns, the following processes can occur: 


e Eddy diffusion 

¢ Longitudinal diffusion in the mobile phase 

¢ Resistance to mass transfer: in the mobile phase, stationary phase, and stagnant 
mobile phase 


If the distribution of each band is assumed to be a Gaussian distribution, the 
extent of band broadening can be expressed by the column efficiency N: 


N = (tr/o)’, 
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where tp is the retention time and o” is the band variance in time units (o is the 
standard deviation of the Gaussian distribution). 

Another expression for the band broadening in a column with length L is the plate 
height H: 


H=L/N, 


where H is measured in micrometer. 
Since H is a function of the variance, individual contributions to band broadening 
can be expressed as individual contributions to the plate height. 


1.3.1 
Eddy Diffusion 


Eddy diffusion occurs due to the presence of multiple channels of different widths 
and lengths in porous structures. Large inhomogeneous particles cause large contri- 
butions to band broadening of eddy diffusion. In a packed column, the size of the 
eddy diffusion is proportional to the particle size. A wide range of particle size also 
increases the eddy diffusion. 

The main contribution of eddy diffusion to the plate height is 


H = Cedy, 


where d, is the particle diameter of one-size particles and C, is a constant. 
In open tubular columns, there is no eddy diffusion. 
Info-box 1.2 


In liquid chromatography, eddy diffusion is responsible for a major part of the 
band broadening in the column. Since eddy diffusion is a combination of diffusion 


and convection, the term eddy dispersion might be more correct than eddy 
diffusion. Contributions to eddy dispersion come from column internal diameter, 
column length, and column packing efficiency besides particle size and homoge- 
neity [2]. 


1.3.2 
Longitudinal Diffusion 


Longitudinal diffusion in the mobile phase is due to the natural tendency of a 
compound in a concentrated band to diffuse into less concentrated zones. The 
contribution of longitudinal band broadening is proportional to the diffusion 
constant. Since the diffusion velocity in gases is about 10* times higher than the 
diffusion in liquids, this contribution to band broadening is much more important 
in GC than in HPLC. 
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The contribution of the longitudinal diffusion to the plate height is 
Hi = c.Dm / u, 


where D,, is the diffusion coefficient in the mobile phase, c is a constant, and u is 
the linear mobile phase flow rate. 


1.3.3 
Resistance to Mass Transfer 


Resistance to mass transfer describes the band broadening caused by transporting 
the analytes by diffusion and convection from one phase to the other. 

Resistance to mass transfer is, in general, inversely proportional to the diffusion 
constants in either phase. 

In the mobile phase, there is an additional link to eddy diffusion. The contribution 
to the plate height can be described by band broadening taking place in the mobile 
phase, stagnant mobile phase, and stationary phase. 


Resistance to mass transfer in the mobile phase 
a) In an open tubular column 


Hm = Cmd2u/ Dm, 
where d, is the column internal diameter, u is the linear flow rate, and 
Cm = (1+ 6k + 11k’) /96(1 + k)’. 
b) Ina packed column 
Hm = Cmpd,u/Dm, 
where d, is the particle diameter and u is the linear flow rate (measured 


in mm s_'). 


In packed columns, H,, should be coupled with the eddy diffusion and the 
coupled term Hme = 1/(1/He + 1/Hm). 

Note: The plate height in a packed column is independent of the column inner 
diameter. 


Resistance to mass transfer in the stagnant mobile phase (in a packed column) 
Hstm = Cstmd,u/ Dm; 


where Cztm is a constant and the other parameters are as before. 


Resistance to mass transfer in the stationary phase 
2. 
H, = c,deu/Ds, 


where dr is the film thickness, c, is a constant, and the other parameters are as 
before. With thin films, H, is small and can be neglected. In gas chromatography, 
this is the case for columns with a film thickness of 0.25 um or less. 


8 


1 General Concepts 


Figure 1.3 Van Deemter plot of plate height (H) as a function of linear flow. 


1.3.4 
Combined Band Broadening in a Column 


The van Deemter equation combines the different contributions in a simplified 
equation: 


H=A+B/u+Cu, (1.2) 


where A is eddy diffusion, B is the longitudinal diffusion in the mobile phase, and C 
is the resistance to mass transfer in the stationary phase (in GC) or in both the 
phases (LC). 

The contribution of stagnant mobile phase is valid only with large particles and is 
therefore usually neglected in the van Deemter equation for high-performance systems. 

The contribution of resistance to mass transfer in the mobile phase can be 
neglected in GC, but not in HPLC. 

The van Deemter equation can be visualized by plotting the contributions to the 
plate height as a function of the linear mobile phase velocity (Figure 1.3). 

In open tubular columns, there is no eddy diffusion and the band broadening can 
be expressed by the Golay equation: 


H = 2Dm/utf d-u/Dm +f deu/Ds, (1.3) 


where f, = (1 + 6k + 11k’) /96(1 + k)’, f(2/3)k/(1 + k)’, and the other parame- 
ters are as before. 

The Golay equation is one of the most prominent equations in modern 
chromatography. 


Info-box 1.3 


For a deeper understanding of the contributions to band broadening, see Ref. [3]. 
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1.3.5 
Band Broadening outside the Column 


Band broadening also takes place in the injector, in the connecting tubing to the 
column, in the connection to the detector, in the detector, and sometimes due to slow 
electronics in the detector or the data system. In the connecting tubing, the band 
broadening is caused by the parabolic flow profile in a tube, caused by friction at 
the walls. 

The contribution to band broadening, of the flow in an empty tube, measured as 
variance is 


o* = ar’ L/24DmF, 


where ris the tube radius, Lis the length, D,, is the diffusion coefficient, and Fis the 
volumetric flow rate. 
This is equivalent to the contribution to the plate height: 


H=r'u/24Dm, (1.4) 


where u is the linear velocity L/t. 


1.4 
Measuring Column Efficiency 


1.4.1 
Plate Numbers 


The column efficiency, as mentioned in Section 1.3, can be expressed by the plate 
number N and defined as 


N = (tr/o)’, (1.5) 


where tp is the retention time and o is the standard deviation, assuming that the 
distribution of molecules of a component within a peak can be characterized by a 
Gaussian distribution. 

From a chromatogram (Figure 1.4), we can measure either manually or by the data 
system both the retention time and the peak width. The peak width at halfheightis often 
used, but if there is peak tailing, it is not a good representation of the real peak width. 

One alternative is the width at the baseline between the tangents to the inflexion 
points at 0.607 h of a Gaussian peak. 

At half height, the peak width is 2.3540, and at the base between the tangents, 
w=4o. 

Replacing o as a function of w results in measurements of column efficiency as 


N=5.54(tp/w)’ (at half height), (1.6) 


N = 16(tg/w)’ (at the base), (1.7) 
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Figure 1.4 Peak widths between tangents at baseline, at half height, and at 4.4% of height. 


or 
N =25(tp/w)’ (at4.4% of peak height). (1.8) 


The number of plates is calculated by measuring both retention time and peak 
width in time units. 

Longer columns result in higher plate numbers (N= L/H). 

Measurements of column efficiency in LC must always be performed with iso- 
cratic elution at constant temperature and the sample dissolved in the mobile phase. 

Gradient elution can be used for measuring peak capacity, but never for measur- 
ing plate numbers. 


1.4.2 
Coupling Columns 


Coupling two (or more) columns in series makes a longer separation system. 
However, one should be aware of the fact that if a good column is connected with a 
mediocre column, the plate numbers cannot be added. If the retention factor is 
equal in both the columns, the total plate number N, is 
1 1 
N, = 2?/(—+—}. 1. 

=2(a typ) (19) 
Thus, if two columns with N, = 10000 and Nz = 1000 plates are connected, the total 
plate number will be only about 3600. Short guard columns will not reduce the total 
peak numbers, since the peak broadening in the short column is limited. 


1.4.3 
Plate Height 


The other measure for the band broadening as mentioned in Section 1.3 is the plate 
height H: 


H=L/N. (1.10) 


1.5 Resolution li 


The plate height is also called the height equivalent to a theoretical plate (HETP). 
In both the well-packed HPLC columns and the capillary GC, plate heights of 
5-10 um and 0.2-0.25 mm, respectively, should be obtained. 


1.4.3.1 Reduced Plate Height 
Reduced plate height h is another way of expressing column efficiency. 
In a packed column, h= H/d,. 
In the well-packed HPLC columns, reduced plate heights of 2-3 or even less 
than 2 can be obtained. 
In an open tubular column, h= H/d,, where d, is the column inner diameter. 
In capillary GC, reduced plate heights of less than 1 can be obtained. 
Reduced plate height allows us to compare the efficiency of columns with 
different particle sizes or different internal diameters (in open capillary columns). 


Info-box 1.4 


A more thorough treatment of reduced parameters can be found in Ref. [4]. 


1.4.4 
Effective Plate Number 


Effective plate number Neg is actually a measure of the band broadening in the 
stationary phase and is calculated by using adjusted retention times: 


tp = (tr — ty). 
At high k, there is little difference between plate numbers and effective plate 
numbers. Effective plate numbers are mostly used in gas chromatography. 


1.4.5 
Asymmetry 


Most chromatographic peaks cannot be characterized with a perfect Gaussian 
distribution and some peaks are tailing, while others are fronting. Peak asymmetry 
can be measured as the asymmetry factor, at 10% of the peak height (Figure 1.5). 
Well-made columns are expected to have an asymmetry factor A, as close to 1 as 
possible. 


15 
Resolution 


The resolution Rs of two closely eluting bands is defined as the difference between 
the band centers divided by the average bandwidth, measured in the same 
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Figure 1.5 Measurement of the asymmetry of a chromatographic peak, where h is the peak 
height and a and b are measured at 10% of h. 


units (Figure 1.6): 


Rs = 2(t2 = ti) /(wi + W2). 


When R;=1.5, there is baseline separation between the two peaks and when 
Rs =1, there is still only 2% overlap (with perfect Gaussian peaks), as shown in 
Figure 1.6. 

The resolution of two peaks is determined by three variables: the retention factor 
(k), the plate number (N), and the separation factor (a). 

The separation factor (selectivity) a =k2/k, (where kz > k,). 
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Figure 1.6 Chromatogram of two partially resolved peaks. 
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The resolution can be described by the equation 


k 
(1+k) 


for two closely eluting compounds. 
This is a fundamental equation in chromatography. The resolution of two peaks 
can be improved by increasing a, N, or k. 


Rs =-(a—1)VN 


(1.11) 


TS 
Increasing the Resolution 


If two compounds are coeluting with small k, the easiest way of improving the 
resolution is to increase the retention (increasing k). In GC, this is obtained by 
reducing the column temperature. In HPLC, this is usually obtained by reducing the 
solvent strength of the mobile phase. 

The most effective way to increase a is often by changing the stationary phase or 
the mobile phase (the latter not in GC). 

Note that connecting two columns of equal quality and size will double the plate 
number, but the resolution will only increase by ,/2. 


1.6 
Peak Capacity 


The peak capacity (n,) is a measure of the number of compounds that can be 
theoretically resolved in a column: 


he= (ty ~~ t1)/Way, (1.12) 


where t, is the retention time of the first eluting peak, t, is the retention time of the 
last eluting peak, and w,, is the average peak width at the base (w = 40) or at the half 
peak height (w = 2.3540). 

With gradient elution, w,, is approximately equal for all peaks. 

An alternative measure for peak capacity replaces (t¢, — t,) with the gradient time. 
With few peaks in the front and at the end of the chromatogram, this method results 
in higher measured numbers for peak capacity. 

In LC, the theoretical peak capacity of one column can vary from less than 20 to 
more than 1000. The latter can be obtained in long columns with extreme efficiency. 
In capillary GC, the numbers can be even higher. 


1.7 
Two-Dimensional Systems 


In two-dimensional (2D) chromatography, two separation modes with different 
separation properties are coupled together in order to increase the ability to separate 
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many components as in thin layer chromatography, gel electrophoresis, gas chro- 
matography, and liquid chromatography. 

In thin layer chromatography and in gel electrophoresis, it is performed in two 
directions on one plate. For macromolecules such as proteins, 2D GE consists of one 
separation by size and one separation by pl (the pH at which the analyte has no net 
charge). 

In both GC and LC, separation is performed with two columns. In the compre- 
hensive 2D LC x LC, every fraction from the first column is separated in the second 
column. In the heart-cut 2D LC-LC, only one fraction or a few fractions are 
transferred to the second column. 

When two columns are coupled together in a two-dimensional system (GC x GC 
or LC x LC), the theoretical peak capacity of the system is 


Mp=m:nN, 


where n, and nz are the peak capacities for columns 1 and 2, respectively. 

This is correct only if the two columns are 100% orthogonal (separating according 
to different principles), if there is sufficient sampling frequency (small fraction 
width) in the first dimension, if there is no band broadening in the connection, and 
if the full separation space in the second column is used. This is never the case, 
which means that the actual peak capacity of a 2D system is always lower than the 
theoretical peak capacity. The optimum sampling frequency is obtained by splitting 
each peak in the first dimension into four fractions. This ensures that a separation 
that has been obtained in the first column will not be lost in the second column. The 
disadvantage of high sampling frequency is that each analyte will be found in several 
fractions. 


Info-box 1.5 


Two-dimensional chromatography is described in more detail in Refs [5,6]. 


1.8 
Increased Performance 


Increased performance is usually related to higher speed, higher plate numbers, 
improved resolution, or higher sensitivity, although all these cannot be improved at 
the same time. 

Higher speed will reduce the time of analysis, but will increase the backpressure 
and may reduce the plate numbers. In packed columns, small particles are 
preferred for high-speed purposes, since the van Deemter curve is more flat 
for small particles. 

Smaller particles in a packed column will increase the number of plates, but will 
also increase the backpressure. 

Longer columns will give higher plate numbers, but will increase the time of 
analysis and give higher backpressure. 


References 


Reduced column inner diameter will increase the efficiency of open tubular 
columns, but not of packed columns. 

Thin films of stationary phase increase efficiency in GC. 

Increased temperature may be beneficial for the efficiency and peak shape and give 
lower backpressure in LC (but higher backpressure in GC). 

The maximum peak capacity is obtained with two-dimensional systems, at the cost 
of simplicity and some robustness. 
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2 
Gas Chromatography 


2.1 
Introduction 


In gas chromatography (GC), the mobile phase is a gas and the analytes need to have 
sufficient volatility to be carried through the column. In addition, the analytes 
need to be stable at the temperatures exposed to in the injector and/or in the column. 
Analytes that are not volatile, for example, fatty acids, can be made volatile by 
derivatization, for example, the fatty acids can be converted to esters. 

In GC, separation occurs mainly according to two principles: adsorption and partition 
chromatography. In adsorption chromatography, separation is obtained when the 
analytes have different adsorptivity to a solid stationary phase. Gas adsorption chroma- 
tography, also called gas—solid chromatography (GSC), is mainly used for separation of 
permanent gases. In partition chromatography, also called gas—liquid chromatography 
(GLC), the stationary phase is a nonvolatile liquid and separation is obtained if the 
analytes have different distribution between the mobile and the stationary phases. 

In GC, the separation takes place in a column that is located in a heated compart- 
ment (column oven), providing temperature control of the separation (Figure 2.1). 

The mobile phase (the carrier gas) is delivered from a pressurized gas container 
(gas flask). In order to provide a suitable gas flow to the column, a reduction valve is 
attached to the gas flask. The sample to be analyzed is introduced into the column 
through the injection system, which is temperature controlled. The detector that is 
located at the column outlet is also temperature controlled. The detector is 
connected to a data system that is used for both data handling and instrument 
control. The instrumentation used for GC is called a gas chromatograph. 


2.2 
Mobile Phase/Carrier Gas 


The mobile phase must be an inert gas, reacting with neither the stationary phase 
nor the sample components. The gas that is used must be of high purity, and, if 
necessary, can be purified to remove traces of oxygen, water, and hydrocarbons. 


Chromatography: Basic Principles, Sample Preparations and Related Methods, First Edition. 
Elsa Lundanes, Léon Reubsaet and Tyge Greibrokk. 
© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA. 
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Figure 2.1 Gas chromatograph (not to scale). (1) Gas flask with carrier gas, (2) reduction valve, 
(3) injection system, (4) column oven, (5) column, and (6) detector. 


Adsorbent tubes containing charcoal and molecular sieves are used to remove low 
molecular mass hydrocarbons and water, respectively. Water may degrade some 
stationary phases and both water and hydrocarbons may give detector problems. A 
tube containing a catalyst is used to remove oxygen, which may degrade some 
stationary phases and give unstable baseline with the electron capture detector (ECD). 

The gas should be easily available and inexpensive, provide high safety at use, and 
give good detector response for the analytes. The most common carrier gases are 
helium, hydrogen, and nitrogen. A comparison of the conventional gases is given in 
Table 2.1. 

While choosing the most appropriate carrier gas, all factors listed in Table 2.1 need to 
be taken into consideration. When packed columns of large inner diameter (ID) are 
used and hence large volumetric flow of gas is required, N2 is chosen because of its 
lower price. However, when analysis time and chromatographic efficiency are more 
important, H, or He is chosen due to its beneficial plate number versus gas flow 
relation. In Figure 2.2, the plate height as a function of linear gas flow (centimeter per 
second) is shown for the gases. This figure shows that the marginally best efficiency 
(lowest plate height) can be obtained for No, although at a low flow rate and thus 


Table 2.1 Comparison of common carrier gases. 


Helium Nitrogen Hydrogen 
Analysis time 2 3 1 
Safety - 
Detection +TCD* 
Price - + 


Rating 1 indicates the best suited and 3 indicates the least suited, and + indicates advantage and — 
indicates disadvantage. 
a) Thermal conductivity detector. 


2.3 Injection Systems 
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Figure 2.2. Van Deemter plot for nitrogen, helium, and hydrogen. 


resulting in very long analysis time. H2 provides the best efficiency at higher flow rates 
(low analysis time), although the reactivity of Hz requires some safety precautions. 
Hence, despite being the most expensive, He is often the preferred carrier gas in GC as 
it provides good efficiency even at rather high flow rates. Due to the limited availability 
of helium, hydrogen may, however, soon become the most common carrier gas in GC. 

With a linear flow rate of 50 cms", the volumetric flow rate ina 250 wm ID column 
will be about 1.5 ml min“! and the ty will be about 50s in a 25 m long column. 

For the chromatographic separation, a constant gas flow rate is required. For 
isothermal separations (i.e., constant temperature throughout the separation), a 
constant flow rate can be obtained by constant column inlet pressure. The pressure 
of carrier gas from the gas flask is reduced by the reduction valve (with pressure 
meters) attached to the gas flask; in addition, pressure control is provided at the gas 
chromatograph. 

For temperature gradient separations, where the temperature is increased 
throughout the separation time, a flow rate controller is needed. Modern gas 
chromatographs are equipped with flow (and pressure) control units. 


2.3 
Injection Systems 


Different sample introduction methods can be used in GC. If the sample is a liquid 
or a solid dissolved in an appropriate solvent, it may be introduced by a syringe into 
the injector. The choice of injection system depends on the column type and the 
sample composition. In packed columns, the sample is injected directly into the 
column inlet (Figure 2.3). In smaller inner diameter columns, split injection, 
splitless injection, and on-column injection techniques are used for liquid samples. 
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Figure 2.3. Packed column injector. 


The injections can be carried out manually by a handheld syringe or mechanically by 
an autoinjector, which is now standard for GC instrumentation. 

If the sample is a gas, a loop injector, similar to that used in HPLC, can be used, or 
the sample can be introduced into a gas-tight syringe using split or splitless 
injectors. Various headspace sample introduction systems are available for intro- 
duction of volatile components of both liquid and solid samples. 


2.3.1 
Packed Column Injector (Evaporation Injector) 


The inlet of the column or a glass tube (liner) located just in front of the column is 
placed in a heated metal block, which has a separate temperature control. The 
temperature of the injection part is usually kept higher than the column tempera- 
ture, and high enough to allow rapid evaporation of the sample, both solvent and 
sample components, when the sample is introduced. About 2-10 ul of sample is 
transferred from the injection syringe, which is equipped with a thin needle having a 
sharp beveled tip, to the column inlet through the septum, which is made of a 
synthetic rubber (silicone) (Figure 2.3). When the liquid evaporates, it occupies a gas 
volume that is about 1000 times larger than the liquid volume. The septum is kept 
in place by the metal septum holder and when the syringe needle is withdrawn, 
the elasticity of the septum closes the puncture hole made by the needle, keeping 
the septum gas tight. However, after a number of injections, a permanent hole in the 
septum is formed and the septum needs to be replaced. The injection temperature 
defines the choice of septum material. 

As shown in Figure 2.3, the carrier gas is heated to the same temperature as the 
column inlet. As a rule of thumb, the injection temperature should be 50°C above 
the boiling point (B,) when the B, is known, or 50°C above the column temperature 
when the B, is unknown. 
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2.3.2 
Injection Systems for Capillary Columns 


2.3.2.1 Split Injection 

Figure 2.4 shows the injection system used for both split and splitless injections. The 
injection system is located in a heated zone with temperature control. The liquid 
sample is introduced through a septum in the same way as in the packed column 
injector. The injection system contains a glass tube (liner), which may or may not be 
partly filled with quartz wool. The column inlet is placed in the lower part of this 
liner. The carrier gas is introduced at the inlet of the glass liner, and a valve is placed 
opposite to it in order to flush the septum for removing remains of the previous 
injection before a new injection. Typically, 1-2 ul of liquid, resulting in 1-2 ml of gas 
upon rapid evaporation, is injected. This injection volume is too large for a capillary 
column. A 30m long column with 0.32mm inner diameter has a total column 
volume of about 2.4ml; hence, the injection volume will almost fill the whole 
column resulting in no separation. Therefore, the injection volume is split, allowing 
only a part of the sample to be transferred to the column, while the largest part is 
directed to waste through the splitter outlet valve. The amount of analyte entering 
the column can be calculated from the ratio of the column flow rate (F.o1) and the 
split flow rate (F.p1i), both measured in milliliter per minute: 


split ratio = Foo /(Fepiit + Foot). 


Septum 
holder 


—s Flushing the septum, 
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for example, 50 ml/min 
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Figure 2.4 Split/splitless injector for capillary columns. 
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Since F, 51 > F-o1, the simpler relation 
split ratio = Feo1/Fspiit can be used. 


F.p1it can be measured by a soap bubble meter, while F.,.; can be found by measuring 
ty and knowing the column dimensions. 

Split ratios from 1:10 to 1: 100 are used, and split injection can be used when the 
concentration of the analytes is sufficiently high. The technique is simple and can be 
used for both isothermal and temperature gradient separations. Split injection 
cannot be used for low concentration analytes. 


2.3.2.2 Splitless Injection 

The purpose of this injection technique is to introduce the entire injected sample into 
the column and use it for trace determination. Different techniques can be used, but 
the most common is the solvent effect technique, which uses the same instrumenta- 
tion as used for split injection (Figure 2.4). In splitless injection, the sample is 
introduced into the heated liner as in split injection and brought into the gas phase. 
Contrary to the split injection, the splitter outlet valve is now closed. Hence, the total 
sample volume (1—2 ml of gas) is transferred to the column. When splitless injection is 
carried out, the column inlet temperature is kept at a temperature that is 20-50 °C lower 
than the solvent B,. Hence, when the sample arrives at the column inlet, the solvent 
condenses as a thick film on the column wall. This film will act as a plug of stationary 
phase into which the sample components will be dissolved. Following the sample 
transfer to the column, which will take 2 min when 2 ul is injected and the carrier gas 
flow rate is 1mlmin~', the column oven temperature is increased. The solvent 
evaporates first from the column entrance and thereafter the analytes, which will 
subsequently be separated in the column. The splitter valve is opened when the whole 
sample has been transferred to the column in order to wipe out remains of the sample 
before the next injection. This injection technique is used for trace determinations and 
can only be carried out in combination with temperature programming. 

The solvent effect depends on the formation of a homogeneous solvent film. This 
is obtained if the polarity of the solvent matches that of the stationary phase. If this is 
not the case, band broadening may occur because of droplet formation. This may 
however be avoided using a retention gap. 

Another method called cold trapping can also be used for splitless injection. This 
method most often requires an additional cooling system for the column. In short, 
the column is cooled so that the sample components are condensed in a narrow zone 
at the column entrance. Optimal condensation (and reconcentration) is obtained if 
the initial column oven temperature is >150°C below the B, of the sample 
components. The components will remain in a narrow zone until the oven 
temperature is increased in a temperature program. 


2.3.2.3. On-Column Injection 

This technique is more difficult to perform and is carried out only when the analytes 
are temperature labile. The liquid sample is introduced at room temperature by a 
syringe through a valve directly into the column entrance, or more commonly 


2.3 Injection Systems es 


through a retention gap, when the gas flow through the column is stopped. A fused 
silica needle with a narrow outer diameter (e.g., <200 um) must be used with a 
column of 250m ID. For 320um ID columns, it is possible to use stainless steel 
needles. For the narrow columns, a large bore retention gap (e.g., 450m ID) 
connected to the inlet of the column can be used for sample introduction. 


Info-box 2.1 


A retention gap is a piece of fused silica capillary tubing, either with or without a 
stationary phase, giving very low or no retention of the analytes. 


After the sample has been transferred, the syringe is withdrawn, the valve is 
closed, the gas flow is restarted, and a temperature-programmed separation is 
initiated. The sample components that have little or no retention on the retention 
gap are transferred to the column entrance, where they are focused before being 
separated during the temperature program. To avoid damage/contamination of the 
retention gap/column entrance, the sample should not contain nonvolatile compo- 
nents. Complex samples, particularly of biological origin, require frequent replace- 
ment of the retention gap. Other disadvantages of this injector are its low 
ruggedness and being difficult to automate. However, on-column injection provides 
repeatable injections without discrimination, and is thus well suited for high-boiling 
compounds. 


2.3.2.4 Large-Volume Injectors 

Larger volumes of samples can be introduced to the column using programmed 
temperature vaporizing (PTV) injector. The PTV injector resembles the split/ 
splitless injector, but the vaporization chamber (liner) can be heated and cooled 
rapidly. This is obtained using a liner with low thermal mass. The sample is 
introduced at a low initial temperature, eliminating the problem of discrimination 
and thermal degradation associated with the conventional split/splitless injection. 
The PTV injector is very flexible and, in addition to cold split and splitless injections 
of up to 4-6ul of sample, can also be used for ordinary hot split and splitless 
injections, and cold splitless solvent vent injection (up to 250ul). For the latter 
method, the temperature is kept close to the B, of the solvent, and the solvent vapor 
is flushed out through the split vent. The main disadvantage of this method is the 
loss of volatile compounds. 


2.3.2.5 Headspace Techniques 

The static and dynamic headspace techniques are the most common techniques for 
determination of volatile analytes from aqueous samples. In the latter, also called 
purge-and-trap, a gas is passed over the sample or through the sample as small 
bubbles and the volatile compounds in the sample are transported by the gas to a 
cryogenic or a sorbent trap, before subsequent GC separation. In the more common 
static headspace technique, the sample vial is thermostated (Figure 2.5) until 


24| 2 Gas Chromatography 


| Pressurization — 


iT 


to column 


Adsorbent 
trap 


Trap desorption 


Figure 2.5 Headspace-trap GC injection system. 


equilibrium is established. Pressure is applied with an inert gas to ensure that the 
pressure and the volume of the headspace sampled are same for all samples and 
standards. After pressurization, a valve is opened to allow a quick transfer of the 
headspace volume (0.5—3.0 ml of gas) to a trap column (sampling). The trapped 
sample is subsequently transferred to the separation column by either splitting or 
cryogenic trapping. Internal standards are a necessity with headspace techniques. 


2.4 
Columns 
GC separations can be carried out on packed or open tubular columns (OTCs). The 


column is connected directly with the injector and the detector by nuts and ferrules. 
Typical column dimensions are given in Table 2.2. 


Table 2.2, GC column dimensions. 


ID (mm) Length (m) 
Capillaries (OTC) 0.1-0.7 5-100 
Analytical, packed 2-4 2-3 


Preparative 10-20 1-2 


2.4 Columns 


Table 2.3 Particle size in packed column GC. 


Mesh Micrometer 
60/80 250-177 
80/100 177-149 
100/120 149-125 


2.4.1 
Packed Columns 


The packed columns are filled with particles that constitute the stationary phase in 
adsorption chromatography or with particles that function as a matrix or a carrier for 
the liquid stationary phase in partition chromatography. The length of a packed 
column is typically 2-3 m, and the backpressure in the column depends on the particle 
size in addition to the column length. The columns are coiled to keep the column oven 
at a reasonable size. The coil diameter should be >10 x ID oiumn to decrease diffusion 
and dispersion effects. The particle size is often given in mesh, for example, 
60/80 mesh, where the mesh numbers describe the size of the sieves used for 
selecting the particles in the production. The particle size is inversely proportional 
to the mesh number. A conversion from mesh to micrometer is given in Table 2.3. 

The plate numbers in packed column GC are typically 2000-3000 m . 

Packed columns can be used for both preparative and analytical separations. 

The preparative columns have typically an ID of 1-2 cm and sample volumes up to 
1ml can be injected. The amount of stationary phase in partition chromatography 
(GLC) is 20-30% (w/w particle). 

Analytical packed columns have an ID of 2-4mm, and the amount of stationary 
phase in GLC is <10% (w/w). 

The column body material is glass or metal (e.g., stainless steel). 

Glass is rather inert and allows inspection of the packing efficiency, but requires 
skill to connect the column to the injector and detector. Metal columns are easier to 
handle, but can have some catalytic activity. 


2.4.2 
Open Tubular Columns 


Open tubular columns typically have IDs of 0.1-0.5 mm and lengths of 10-100 m. 
The plate number per meter is about 3000 for a 0.25 mm ID column, and hence a 
30m long column can provide a total plate number of 90000. 

The column material is usually fused silica with an outside polyimide coating, 
which gives increased mechanical strength. A metal coating can replace polyimide 
for high-temperature GC. (Degradation of polyimide starts at 300—350°C.) 

A retention gap, which is a short capillary with stationary phase giving less relative 
retention than the separation column, is often used, and functions as a guard 
column to protect the separation column from contamination. 
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Figure 2.6 GC capillary column (WCOT). 


Three different types of open tubular columns are in use: the wall-coated open 
tubular (WCOT) (Figure 2.6), porous-layer open tubular (PLOT), and support-coated 
open tubular (SCOT) columns. WCOT columns are by far the most used. In these 
columns the liquid stationary phase is coated as a thin film, 0.1-0.5 um (typically 
0.25 um), on the inner wall of the capillary. The types of stationary phase are 
described in Section 2.6.2. These columns are used for partition chromatography 
(GLC). PLOT columns contain a porous layer (or a layer of porous particles) on the 
inner wall of the capillary and are used for gas adsorption chromatography (GSC), 
where the porous layer constitutes the stationary phase. The third type is the SCOT 
columns, where a liquid stationary phase is coated on the porous layer/porous 
particles at the inner wall of the capillary and hence GLC separations can be carried 
out. The advantage of the SCOT column compared to the WCOT column is its higher 
sample capacity. Its disadvantage is lower efficiency. 


Info-box 2.2 


Marcel J.E. Golay, an engineer and a physicist, developed the theory behind and 
invented the capillary column. The full history has been described in Ref. [1]. 


Marcel Golay is one of the scientists who should have but never received the 
Nobel Prize. 


2.5 
Detectors 


2.5.1 
Introduction 


The outlet of the column is directly connected to the detector in the gas 
chromatograph. 


2.5 Detectors 


The detector must be heated to avoid condensation of components eluted from the 
column, and generally the detector temperature is kept at least 20°C above the 
highest column temperature. A large variety of GC detectors exist, both selective and 
more universal detectors. Only a few, but the most used, detectors are described in 
some detail in this book. 

Detectors can be classified as mass- or concentration-sensitive detectors. The 
chromatographic peak area using a mass-sensitive detector is independent of the 
flow rate used, while the peak area using a concentration-sensitive detector depends 
on the flow rate. Hence, for quantitative determinations, good flow control is needed 
with the concentration-sensitive detectors. 

For a mass-sensitive detector, the signal (S) varies in proportion to the mass flux 
(dmn/d,) of analyte: 


where R,, is the response factor (varies between analytes). 
The peak area can be found by integration of the signal over the peak: 


A= Ry k[ Sd, = Ry km, (2.1) 
t 


where k is a constant for a given system and m is the mass of the analyte. This 
equation shows that the peak area is independent of carrier gas flow rate. 
Typically, mass-sensitive detectors are destructive detectors, that is, the analyte is 
destroyed during detection. 
For concentration-sensitive detectors, the signal (S) varies in proportion to the 
concentration of analyte or mole fraction analyte relative to that of the mobile 
phase: 


S=R- Xa, 


where R, is the response factor (varies between analytes) and x, is the mole fraction 
of analyte: 


Fa 


xa = =; 
A” Fy + Fa’ 


where Fy, is the number of mole analyte/time unit and Fy, is the number of mole 
mobile phase molecules/time unit. 
If Fy + Fa = F = constant (ie., Fa is small relative to Fy), then 


1 dn 


1 m 
A=R-k p] Fad = Rok ed = Rok, (2.2) 


where k is a constant for a given system. 
Since the area depends inversely on the flow rate (F), good control of the carrier 
gas flow rate is needed. 
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Figure 2.7. Thermal conductivity detector. 


2.5.2 
Thermal Conductivity Detector 


The thermal conductivity detector (TCD) consists of a heated metal block with two 
channels. Each channel is equipped with a filament (metal wire) (see Figure 2.7), and 
the filaments are connected to a Wheatstone bridge. The carrier gas going into the 
injector/column is led through one of the channels, while the carrier gas from 
the column is led through the other channel. The filament temperature depends on 
the heat conductivity of the gas passing. Both He and H) have rather large 
conductivity, while Nz has less. When a compound eluted from the column passes 
the filament, the conductivity of the gas is decreased and the filament temperature 
increases. This increase in temperature results in a change in the electrical 
resistance of the filament, and this change is registered by the Wheatstone bridge 
system and a change in detector signal is observed. 

Hence, all compounds having a conductivity less than the carrier gas will be 
detected by the TCD, which is a universal concentration-sensitive detector. The TCD 
is nondestructive, and may be used for preparative separations. The detector has 
however low sensitivity, and the minimum detectable (MD) mass is about 10 ng even 
using He or Hp as carrier gas. Other detector characteristics can be found in 
Table 2.4. The TCD is commonly used for determination of light and permanent 
gases in packed or PLOT columns. The TCD is well suited for portable gas 
chromatographs because it is easily miniaturized and does not require extra gases. 


2.5.3 
Flame lonization Detector 


The flame ionization detector (FID) is one of the most used detectors in GC. The 
detector consists of a heated (300-350 °C) zone, where the carrier gas in the column 
is mixed with H, before entering the detection compartment through a jet tip 
(Figure 2.8). Air is entering the detection compartment through a separate channel, 
and the flow rate ratio of carrier gas, H2, and air is kept at about 1:1: 10. 


Table 2.4 GC detector characteristics. 
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Detector Minimum Minimum Linear Selectivity 
detectable detectable range 
amount (gs~')”) amount on- 
column”) 
Thermal 10°°- Sng 10*— Universal 
conductivity 10° gs"! 10° 
detector (TCD) 
Flame 10°? 0.01-0.1 ng 10° All hydrocarbons except CH, and 
ionization 10-3 gCs* 10” HCOOH 
detector (FID) 
Nitrogen— 10°? gNs}; N: 10 pg; P: 5 pg 10*- Selective for N- and P-containing 
phosphorus 5x10 “gps! 10° compounds 
detector (NPD) 
Electron 10" gs"! 1pg 10* Selective for compounds 
capture detector (na containing halogen, nitro group, 
(ECD) and conjugated carbonyl 
Mass 10°? gst SIM: <10pg 10° Universal, but also highly selective 
spectrometry in SIM mode 
(MS) 


Other characteristics 


Best sensitivity with He and 
Hy as carrier gas 


Destructive 

Selectivity toward carbon 
10* 

Easily contaminated 

Can be operated in both full 


scan and SIM mode; rather 
expensive 


Main application 


Gases 


Organic compounds 


Drugs, pesticides 


Pesticides, drugs 


Both qualitative and 
quantitative 
determinations 


a) If the detector is concentration sensitive, a normal flow rate is assumed. 
b) Depending on the column efficiency. 
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carrier gas asl Te (10) 


Figure 2.8 Flame ionization detector. C is the collector. 


A flame is started by an electrical discharge and is sustained in excess air. 
However, due to the fact that air is supplied from a separate channel, a reducing 
zone is present in the inner part of the flame. When a hydrocarbon compound from 
the column enters the flame, the following happens in the reducing zone: 


CH radicals are formed from hydrocarbons: (CH) — CH’+0° 
Formyl cations are formed from CH radicals: CH’ > CHO* +e 


A potential (300 V) is applied between the jet tip (flame) and the collector. 

The generated ions in the flame will produce a small current, which is propor- 
tional to the amount of compound combusted. The current (signal) is amplified in 
an electrometer. 

The FID can detect all organic compounds containing C and H, with the exception 
of formic acid and methane. It is a mass-sensitive detector. The minimum detectable 
mass is about 0.01-0.1ng and the FID has a large dynamic range of 10’. Other 
detector characteristics can be found in Table 2.4. 


2.5.4 
Nitrogen—Phosphorus Detector 


The nitrogen—phosphorus detector (NPD) is also called the alkali flame ionization 
detector (AFID), or thermionic NPD ifno flame is used. The flame NPD is similar to 
the FID, but with an additional unit, usually a rubidium silicate bead, which is 
heated by an electrical current (Figure 2.9). When a compound enters the detection 
compartment, the ion current for compounds containing N or P increases. The 
mechanism for N detection may briefly described by the following: 


RCN — CN’ 
Rb + CN’ > Rb* + CN7 


The neutral Rb atoms that have evaporated from the heated rubidium silicate react 
with the cyano (or phospho for P detection) radicals, the Rb“ ions are neutralized on 
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Figure 2.9 Nitrogen—phosphorous detector. 


the negatively charged rubidium salt, and the CN” ions are neutralized on the 
positively charged collector (Figure 2.9), creating an ion current that is registered. 

The optimized detector gas flow rates are different for N and P detection and also 
from that of the FID. Formation of CH’ radicals is suppressed in the NPD. The NPD 
is a selective detector for N- and P-containing compounds and the MD is about 
10 pg N and 5 pg P. Other detector characteristics can be found in Table 2.4. The 
NPD is used, for example, for pesticide determination in food and environmental 
applications. 


2.5.5 
Electron Capture Detector 


The ECD is a selective detector for organic compounds containing an electron- 
capturing group, for example, a halogen, a nitro group, or a conjugated carbonyl 
group. 

The detector consists of a heated metal block with a detection channel 
(Figure 2.10). The carrier gas from the column enters the detection compartment 
and is mixed with a reagent gas, if the carrier gas itself cannot be ionized. The 
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Figure 2.10 Electron capture detector. 
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detection compartment contains a positively charged anode, a cathode, and a 
B-radiation source. The f-radiation source may be 7H (0.018MeV) or “Ni 
(0.067 MeV). The ®Ni source has some practical advantages and can be used at 
higher temperatures. 

The carrier gas (or the reagent gas) is ionized by the B-electrons (which have high 
energy). If the carrier gas is N2, the following will take place: 


N2 Ponat +e 


The electrons generated have an energy of about 0.02-0.05 eV (thermal electrons). 

Because of the applied voltage (50 V), a small standing current (10 *-10° A) is 
generated and two zones are formed: a negative at the anode and a positive at the 
cathode. 

When a compound with high electron affinity enters the negative zone, it can 
capture low-energy electrons and form negatively charged ions. Because the nega- 
tive ions can be more rapidly neutralized than the electrons, the current will be 
reduced. The decrease in current is a measure of the amount of analyte entering the 
detector. 

When the carrier gas cannot be easily ionized, for example, He, a reagent gas is 
added. One of the most used reagent gases is a mixture of argon and methane: 
argon/methane (95/5). 

The ECD is a sensitive detector and the MD is about 1pg. The numbers of 
halogens in an analyte and the substituent positions have a significant effect on the 
MD. Unfortunately, it is also very sensitive toward contamination and cannot be 
used for samples dissolved in chlorinated solvents. The linear range is somewhat 
limited (10°), but the high sensitivity and selectivity of the ECD make it very useful 
for trace determination of, for example, pesticides and pharmaceuticals containing 
electronegative groups. Detector characteristics are given in Table 2.4. 


Info-box 2.3 


The electron capture detector was invented by James E. Lovelock in 1957. The GC 
ECD later became a very important piece of instrumentation allowing scientists to 


determine pesticides in the atmosphere and in the environment, which until then 
had not been possible. 
Lovelock is also known for his Gaia hypothesis about the self-regulating earth. 


2.5.6 
Mass Spectrometry 


The mass spectrometer (Section 3.6.2) has become a very important detector in gas 
chromatography. The mass spectrometry (MS) instrument basically consists of an 
ionization unit (ion source), a mass/charge (m/z) separation unit (analyzer), and an 
ion detector. The MS is a mass-sensitive detector, where the signal (S) depends on 
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the concentration (C), the mobile phase flow rate (F), and the split ratio in the 
chromatographic system (R), if a split is used: 


S=dm/dt=C-F-R. (2.3) 


The MS can provide structural information, which can be used for identification 
of the compounds in addition to quantification. 


2.5.6.1 Positive lonization 

In gas chromatography, the most common ionization technique is electron ionization 
(EI). Electrons formed in a filament are sent as an electron beam with energy 70 eV 
through the relatively open ion source. The molecules (analytes) that are in gas phase 
at low pressures are ionized, and positive monoisotopic molecular ions (M**) are 
formed. Since the ionization energy of most organic compounds is 7-10 eV, the 
molecular ion possesses surplus energy causing fragmentation, which is compound 
specific. The resulting mass spectra have been shown to be reproducible, allowing 
reference mass spectra in a mass spectrum library to be used for identification of a 
compound. 

When molecular mass information is sought, an ionization technique giving little 
fragmentation, such as chemical ionization (CI), is preferred. Chemical ionization is 
a softer ionization technique than EI. In CI, the molecules are ionized by ion/neutral 
reactions between the molecule and the ions formed in a reagent gas. The reagent 
gas ions are formed at relatively high pressures (0.1—2 torr) in a more closed ion 
source, where the reagent gas is ionized by 200-500 eV electrons and ion/neutral 
reactions. Common reagent gases are methane, isobutane, and ammonia. 

Mostly protonated molecules, MH*, are formed, while the fragment ions formed 
are small in number. In some cases, adduct formation will occur, for example, the 
formation of (M+NH,)* when ammonia is used as a reagent gas. 


2.5.6.2 Negative lonization 

Negative ions can be formed at conditions used for chemical ionization, that is, when 
using an ion source that is relatively closed and with a reagent gas (or moderating gas) 
of high pressure. A moderating gas does not provide negative ions, but due to its 
presence generate electrons of low energy (thermal electrons) by slowing down 200- 
500 eV electrons coming from a filament. Thermal electrons can be captured by the 
analyte and a negative ion is formed. When reagent gases are used, the formation of 
negative ions is due to ion—molecule reactions between the analyte and the negative 
ions from the reagent gas. The combination of negative ionization and chromatogra- 
phy has so far not been widely used. Negative MS is, however, especially useful for 
molecules with high electron affinity as in the case of the EC detector. 


2.5.6.3 Gas Chromatography—Mass Spectrometry (GC-MS) Interfacing 

Using MS as a detector in GC and especially in capillary GC is relatively simple. The 
most common mobile phases do not interfere, and the analytes are volatile and already 
in gas phase so that EI and Cl can be used. The only problem is the pressure difference 
between the GC and MS units. The outlet of the column is commonly at atmospheric 
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Figure 2.11 GC-MS split interface. 


pressure (760 torr), while a pressure of 10-°-10 ’ torr is required in the ion source 
with electron ionization. A modern MS instrument can usually receive 1-2 ml min! 
of gas and still maintain a low pressure, and this compares with the mobile phase flow 
rates used in capillary GC. However, ifthe end of the column is placed directly into the 
ion source, this can lead to varying retention times because of varying pressure. 
Therefore, a split interface is often preferred (Figure 2.11). 

The analytes are transferred to the mass spectrometer without loss if the carrier 
gas flow rate at the column outlet is equal to the flow rate to the ion source. If the 
inlet flow rate is lower, less of the analyte is transferred, and if the carrier gas flow 
rate is lower, dilution of the analyte occurs. 

For packed columns, different types of interfaces have been used, but the most 
common is the jet separator (Figure 2.12). 

GC-MS, especially capillary GC-MS, has become a widely used method, and is 
becoming very important also in routine analyses. Quadrupole mass spectrometers 
(Section 3.6.2.6) are most common in GC-MS. The quadrupole MS instrument has 
a mass range that covers the molecular masses of compounds which can be 
chromatographed by GC. 

In addition to the type of MS, the minimum detectables (MDs) obtainable depend 
on both the mode of ionization and the mode of operation. Typical values for MD 
amount in full scan and selected ion monitoring (SIM) mode may be 10 and 1 pg, 
respectively, with EI. 
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Figure 2.12 GC-MS jet separator. 
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2.5.7 
Other Detectors 


In addition to the already mentioned GC detectors, there are many others — some 
being selective, while a few being more universal. In the following, a very short 
description of some of the detectors and their main applicability area is given. 


2.5.7.1 The Flame Photometric Detector 

The flame photometric detector (FPD) is a mass-sensitive detector, which is specific 
for sulfur and phosphorous. The light that is emitted from phosphorus or sulfur 
combustion products is measured. The detection limit is about 5pg Ss~' and 
50-100 pg Ps‘ and the linearity is 10°-10*. Main area of use is specific detection of 
sulfur in petroleum and petrochemical samples as well as of phosphorus containing 
pesticides. 


2.5.7.2. The Chemiluminescent Detector 

The chemiluminescent detector is a mass-sensitive detector, which is highly 
selective for either sulfur (SCD) or nitrogen (NCD), depending on the instrumen- 
tation. The mechanism of detection is a two-step process with initial combustion 
followed by low-pressure reaction with ozone. The oxidation products emit a 
characteristic light, which is measured. The detection limit is about 0.5pgSs ' 
and 3pgNs | and the linearity is 10*. One main use is the determination of sulfur 
compounds in petrochemical products. 


2.5.7.3. The Electrolytic Conductivity Detector 

The electrolytic conductivity detector (ELCD) is a mass-sensitive detector, which is 
selective for halogens (X), sulfur (S), and nitrogen (N), depending on the conditions. 
The ELCD converts compounds with these elements to an ionizable gas (HX) using 
reductive conditions at very high temperatures (800-1000 °C) in a catalytic reactor. 
This gas is transferred to a detector cell filled with a deionized solvent, and the 
increase in conductivity is measured. The detection limit is in the low picogram per 
second range, and the linearity is 10°-10°. The main use of this detector is in some 
official methods for halogen-containing compounds. 


2.5.7.4. The Photoionization Detector 

The photoionization detector (PID) is a nondestructive and concentration- 
sensitive detector, which is universal/selective for organic compounds, depend- 
ing on their ionization potential. In the PID, molecular ions are formed using 
high-energy photons from a sealed light source. The molecular ions move 
toward a cathode, where they are neutralized. The current needed for neutrali- 
zation is a measure of the amount (concentration) of a compound. The detection 
limit is about 10 pgCs | and the linearity is 10°. Main area of use is measure- 
ment of trace levels of aromatic compounds of environmental or health 
concerns. It can be rather easily incorporated in portable GCs because of no 
flame and is also rather simple and robust. 
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2.5.7.5 The Atomic Emission Detector 

The atomic emission detector (AED) is a mass-sensitive detector, which is both 
universal and selective. Organic compounds are atomized and the atoms are excited 
in a high-energy microwave plasma (helium), and the light is emitted from the 
atoms as they relax to the ground state. The wavelengths of the emitted light are 
specific for each element. The detection limit is about 1-150 pgs _', depending on 
the element, and the linearity is 10°-10*. 


2.5.7.6 Fourier Transform Infrared Detector 

The Fourier transform infrared (FTIR) detector is a nondestructive and concentra- 
tion-sensitive detector, which is universal. The detection limit is about 150 pg, 
depending on the compound, and the linearity is 10°. 


2.6 
Stationary Phases 


As mentioned in Section 2.1, GC separations can be carried out on both adsorbents 
(GSC) and liquid stationary phases (GLC). 


2.6.1 
GSC - Adsorption Chromatography 


GSC is mainly used for separation of gases and low molecular mass compounds. 

Packed columns or porous layer open tubular columns can be used. The particles 
constitute the stationary phase; the adsorbent. Different adsorbents are used: active 
carbon, molecular sieves, and porous polymers. 

Active carbon is available in several qualities and has a pore structure similar 
to a molecular sieve. In addition to adsorption, separation according to size 
also contributes to the separation of gases. The gases that can be separated 
on active carbon materials are CO, CH4, CO, and No. For detection of these 
gases, the thermal conductivity detector must be used. In addition, small 
alcohols, aldehydes, and water can be chromatographed on active carbon 
materials. 

Molecular sieves are synthetic zeolites (4, 5-13 A pore size). On this material, 
separation is obtained due to both adsorption and size. The adsorbent activity is a 
function of the water content. (Molecular sieves are also used as drying agents.) The 
gases that can be separated on molecular sieves are Hz, O2, Nz, CHy, and CO, and 
the TCD must be used for detection. CO2 can be permanently adsorbed at room 
temperature. 

The porous polymers are used for separation of low molecular mass polar 
compounds (e.g., solvents), and are compatible with aqueous samples. Most 
polymers are styrene based (e.g., the brand name Porapak) and has a high surface 
area (400-800 m’g™'). 
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2.6.2 
GLC - Partition Chromatography 


Both packed and open capillary columns (both WCOT and SCOT columns) can be 
used for GLC separations. In packed columns and SCOT columns, the high-boiling 
liquid stationary phase is distributed evenly on a solid totally porous particle, called 
the support or the matrix. In WCOT columns, the stationary phase is distributed as a 
thin film on the inner wall of a capillary, which is often fused silica. 


2.6.2.1 Matrix 
There are several requirements for the matrix particles to be used in packed column 
GC. They should be inert, with no catalytic activity or adsorptivity. The particles 
should provide an even thickness of the stationary phase in all pore and particle 
surfaces. A pore size of 1 um has been found favorable. The surface area should be 
>1m’*g! (1-20m’g~'). High efficiency is obtained with uniform size of the 
particles, which should also have good mechanical strength. 

The most common matrix particle is kieselguhr (microamorphous hydrated silica) 
that has a pore size of 1m and a surface area of 20m*g ', which can be made 
smaller by heat treatment: 


900°C and Na carbonate 1 


t's 1m’. 


20m’g~ 
The kieselguhr often needs to be further treated by acid washing to remove metal 
impurities and silanization to remove very active silanol groups. 
The stationary phase is mechanically distributed on the matrix particles (Sec- 
tion 2.4.1), which may have different size. 
WCOT columns are prepared by applying the stationary phase as a film on the 
inner wall, which has been pretreated. 


2.6.2.2 Choosing the Stationary Phase 
The type and amount of stationary phase influence the retention of compounds in 
the column. The effect of various variables upon retention time (tp) or retention 
volume (Vp) of a compound can be found from Equation 2.4. Vp = tr: F, where Fis 
the flow rate in milliliter per minute: 


273 x R- W, 


Vu = Ve - Vu = 
N R M y= pM, 


tp —tm = tk, (2.4) 


where Vy, is the elution volume of a compound with no retention and Vy is the net 
retention volume. R is the molar gas constant and y~ is the compound activity 
coefficient that is constant at infinite dilution in the stationary phase and decreases 
with increasing interaction with the stationary phase. p° is the compound saturation 
pressure at the column temperature T, while Ws and Msg are the weight and the 
molecular mass, respectively, of the stationary phase. 

Ifa nonpolar stationary phase is used, the sample components will have little or no 
interaction with the stationary phase (y~ is close to 1) and separation is obtained 
according to the boiling point (B,) of the components. 
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Figure 2.13 General structure of silicones. 


If a more polar stationary phase is used, the separation is obtained according to 
both polarity (interaction) and boiling point. This means that it is possible to 
separate compounds with the same B,, but with different functional groups. 

The liquid used as stationary phase must be thermally stable and give minimal 
bleeding (loss of stationary phase because of evaporation). 


2.6.2.3 Types of Stationary Phases in GLC 

Silicones (polysiloxanes) are the most common type of stationary phases. Their 
general structure is given in Figure 2.13. Two main forms of silicones are used: the 
silicone oils and the silicone rubbers. The silicone oils can be used in the 
temperature range of 0-350°C, and they have relatively short chain length and a 
low Si—O content. The silicone rubbers, also called elastomers, can be used in the 
temperature range of 100—-350°C and have long, partly branched chains and a 
relatively high Si—O content. These silicones are solids below 100°C and will not 
function as stationary phase below this temperature. 

The silicones have good thermal stability, and stationary phases with a wide variety 
of R and R’, and hence polarity, are easily made (Table 2.5). 

By varying the W,/M, ratio, columns providing different retention (Vy) can be 
obtained. 

Other (nonsilicone) phases used are polyethylene glycols, HO— 
(CH,—CH,—O),,—H, which are polar phases, and squalane (Figure 2.14) that 
is nonpolar. Polyesters, which are medium polar, are also occasionally used. 

Chiral separations can be carried out using an amino acid-based or a cyclodextrin- 
type (Section 3.5.5.2) stationary phase. The latter is most common, and the 
selectivity is based on surface interactions or inclusion. Usually rather low tempera- 
tures are used as enantioselectivity is rare above 200°C. Because of higher plate 
numbers, capillary GC columns generally give better enantiomeric separations than 
HPLC columns. 
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Table 2.5 Effect of variation of R and R’ on polarity: 

Z rs 
R=—Si—O— and R=—si—0— 

x ¥' 

Polarity X Y Z 

Methyl silicone Nonpolar CH; CH; CH; 
Methylphenyl Medium CH; Phenyl CH3 
silicone polarity 
Cyanoethyl Polar CH,—CH,—CN CH,—CH,—CN CH,—CH,—CN 


silicone 


In WCOT columns, the stationary phase, which is a silicone or polyethylene glycol, is 
either mechanically distributed on the wall or immobilized, either by binding the 
stationary phase chemically to the wall or by polymerization of the stationary phase 
into a nonextractable rubber (or both). Columns with immobilized stationary phase 
have increased stability and lifetime and are now most common in use. 

Cross-linking of the silicone to form a rubber stabilizes the polysiloxane film 
without destroying its favorable diffusion characteristics. Two different approaches 
are used for immobilizing silicones in WCOT columns: thermal and free radical cross- 
linking. In the former, the acid-treated capillary is statically coated with a film of the 
silicone and heated to 300—-370°C for 5-15h in the presence of carrier gas. The 
heating results in simultaneous bonding of the stationary phase to the wall and 
formation of cross-links between the polymer chains, often helped by addition of a 
cross-linker. The other immobilization method, free radical cross-linking, is per- 
formed by using, for example, peroxides as free radical generators. The procedure is 
relatively simple and involves static coating of the capillary with a freshly prepared 
solution of the stationary phase containing 0.2-5% of the peroxide. The coated 
column is sealed and the temperature is slowly raised for static curing. 


Characterization of GLC Stationary Phases The properties of the stationary phases in 
GLC can be characterized by the McReynold system, which is based upon retention 
indexes and five test substances. 


CH 
i CH3 3 H3 
i a ca Be Ae 
CH3 CH3 H3 CH3 


Figure 2.14 Structure of squalane. 
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Figure 2.15 Plot of log t, versus the number of C-atoms in n-alkanes and retention index (1). 


The retention index I is defined as 100x the number corresponding to the 
number of C-atoms in a n-alkane having the same retention (Figure 2.15). 

The retention index of various compounds on several stationary phases can be 
found in tables in the literature. 

For use in the McReynolds system, the AIgp = Isp — Isqualane is calculated for five test 
substances: benzene, 1-butanol, methyl-n-propylketone, nitropropane, and pyridine. 

Isp is the retention index for one of the compounds on the stationary phase that is 
to be characterized, and Igqualane is the corresponding value on the reference 
nonpolar stationary phase squalane. 

The CP that characterizes the polarity of the stationary phase is calculated by 


2} Alsp 


cP = 
y 5 A Tov.275 (dicyanoethyl) 


(2.5) 


where OV-275 is a polar stationary phase. Hence, the calculation is based on 
comparison with both a nonpolar (squalane) and a polar (dicyano ethyl silicone) 
stationary phase. 


2.6.2.4 Stationary Phase (Film) Thickness 

A thin film in packed columns corresponds to 2-10% (w/w) of stationary phase, and 
<0.25 um in WCOT columns. Thin film, small ds results in high efficiency in 
packed columns (small H): 


> Dm 3 de 
H = C.d, +4 — oa . (2.6) 
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For capillary columns, 


a. dy 
H=2Dm-ut+f,-o~ + SE, (2.7) 


s 


and the contribution from resistance to mass transfer in stationary phase can be 
neglected. 

Using a thin film of stationary phase also gives less bleeding (less loss of stationary 
phase) and short analysis time (W, is small, resulting in a small Vy). 

The advantages of using thick film (20% w/w in packed columns) is little 
adsorption to the matrix and that larger sample amounts can be applied. 

Testing the properties and quality of a GC column can be done by the Grob 
test that includes the injection of a mixture of C10—-C12 fatty acid methyl esters, 
C10-C12 n-alkanes, 1-octanol, 2,3-butanediol, 2,6-dimethylaniline, 2,6-dimethyl- 
phenol, dicyclohexylamine, and 2-hexylhexanoic acid. 

The Grob test provides quantitative information on four important aspects of 
column quality: separation efficiency, adsorptive activity, acidity/basicity, and 
stationary phase thickness. This test is now widely used by column 
manufacturers. 


Info-box 2.4 


More about the Grob test can be found in Refs [2,3]. 


2.6.2.5 Temperature 

The column temperature controls the retention of compounds in the column. 
Equation 2.4 shows the dependence of retention on p°, which is the compound 
saturation pressure at the column temperature T. In a limited temperature range, 


logv =2 +4, (2.8) 


where b and d are constants. 

The column temperature should be as high as possible to provide short analysis 
time and still maintaining separation of the components. 

Isothermal separation, that is, constant temperature throughout the separation, is 
most suited for separations of components having similar boiling points. 

Temperature programming, where the temperature is increased during the separa- 
tion, is used for separation of complex samples wherein the components have large 
variations in B, (Figure 2.16). Temperature-programmed separations are common 
in capillary GC, where long columns can provide high efficiency required for high- 
resolution separations. For trace determinations, where splitless injection is 
required, temperature programming must be used. 
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(a) 


(b) 


Figure 2.16 Separation of the aliphatic (a) and silicone using a temperature program from 
aromatic (b) fractions of a North Sea crude oil 50°C (1 min) to 300°C (at 15°C min~') ata 
in a 320m ID x 30m DBS capillary column, flow rate of 2.5 ml min~'. About 1 ul was 
with a 0.5 um film of 5% phenyl/95% methyl injected in splitless mode. FID detection. 


2.7 
Two-Dimensional Separations 


When a sample is very complex, containing several hundreds or thousands of 
compounds, a single column is not sufficient to provide separation of all com- 
pounds, even when a long column with long gradient time is used, because of 
limited peak capacity. A better separation can be achieved by subjecting the sample 
separated by the (first) GC column to an additional separation in a second column, 
which provides separation based on a different mechanism. When two columns are 
used in this way, the separation is called two dimensional (2D) and is described as 
GC x GC. The best resolution is obtained when the separation mechanism in the 
two columns is completely different, and this is called orthogonal separation. The 
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1. dimension column i 2, dimension column 
column oven | secondary column oven 


Figure 2.17. GC x GC system, where | is the injector, D is the detector, C is a column connector, 
and M is the GC x GC interface, and is often called a modulator. (The secondary column oven is 
optional.) 


total theoretical peak capacity of the method is the product of the peak capacities of 
each dimension. The instrumentation used is shown in Figure 2.17. 

Two-dimensional separations can be performed in different ways. In a compre- 
hensive analysis, the eluate from the first column is transferred to the second 
column in such a way that three fractions from each first dimension peak is injected 
and separated by the second dimension column one by one. This requires that the 
time for the second separation is very fast and equal to or smaller than the first 
dimension fractionation time. A special interface, a modulator (M), containing a 
zone that can be cooled and heated, transfers the analytes from the first column to 
the second dimension. When a comprehensive analysis is performed, 2D data are 
obtained and are presented as 2D plots. Comprehensive analysis is performed when 
information about the total sample is desired. When one or a few analytes are to be 
determined in a complex sample, a simpler method called heart-cut can be used. In 
this method, only the fraction containing the analyte(s) is transferred to the second 
dimension for further separation. 


Info-box 2.5 


A recent review article about 2D GC is found in Ref. [4]. 


2.8 
Qualitative and Quantitative Analyses 


GC has a very wide field of applications. The main areas of use are analyses of 
complex mixtures such as essential oils and petroleum oils (Figure 2.16). Other 
important areas are trace determinations in pollution and forensics. 
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Depending on the need, GC can be used for both qualitative and quantitative 
determinations. 

In qualitative determinations, compounds can be identified by comparing their 
retention time tg with those of standards using at least two different stationary 
phases. However, the most used technique for qualitative determination to date is 
the combination of gas chromatography and mass spectrometry. 

Quantitative determinations by GC are always carried out using internal standard(s) 
(IS), since it is almost impossible to make repeatable injections. If MS is used for 
detection, a labeled IS, for example, deuterated, can be used. Otherwise, a similar 
compound, which is chromatographically separated from the analytes, is used. 

In general, GC analyses are fast, provide the highest efficiency per time unit, and 
give good resolution and low limits of detection (LOD). These are the reasons for GC 
being preferred in many areas. 

Depending on the task, different column dimensions will be used: 


For high efficiency, long columns (30-100 m) with narrow IDs (0.1-0.25 mm) and 
thin films (0.1-0.25 um) are chosen. 

For high speed, short columns with narrow IDs and thin films are chosen. 

For large sample volumes, large ID (0.53-0.7 mm) columns with thick films 
(1-5 um) or SCOT columns are chosen. 


The type of stationary phase depends on the analytes: 


For permanent gases, solid adsorbents (polymers, molecular sieves, and carbon) are 
chosen (GSC). 

For nonpolar analytes, methyl silicones are chosen. 

For analytes with double bonds, carbonyl groups, and so on, methylpheny] silicones 
are chosen. 

For analytes with OH groups, PEG or cyano polysiloxanes are chosen. 

For very complex samples, methylphenyl silicones are chosen. 

For enantiomer separation, cyclodextrin phases are chosen. 


2.9 
Derivatization 


Nonvolatile compounds, which cannot be chromatographed by GC, can be made 
volatile by derivatization. Typically, compounds containing polar functional groups like 
—COOH, —OH, and —NH, are nonvolatile, and thermally stable derivatives with 
nonpolar groups are made by different derivatization reactions. In some cases, the 
detectability of the resulting derivatives can be improved compared to the original 
compounds. This is especially utilized for electron capture detection, where the 
analytes are derivatized with electron capture responsive reagents. 

Three types of derivatization are mainly used: silylation, acylation, and alkylation. 

Silylation is the most universal derivatization method. Almost all functional 
groups that can have problems with low volatility, and adsorption resulting in 
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Figure 2.18 Structure of common reagents giving TMS derivatives. 


tailing, can be silylated. The alkylsilyl reagents can be used for derivatization of polar 
molecules with protonic functional groups, and trimethylsilyl (TMS) derivatives are 
the most common. 

Different reagents can be used to give TMS derivatives, common reagents are 
shown in Figure 2.18. 

The reactivity of the different reagents depends on their silyl donor properties: 
trimethylsilylimidazole (TMSIM) > BSTFA > N,O-bis(trimethylsilyl) acetamide 
(BSA) > trimethylchlorosilane (TMCS) > hexamethyldisilazane (HMDS). The 
strongest silylation reagent is a mixture of TMSIM+ BSTFA+TMCS (1+ 1+ 1). 
The reactivity also depends on the functional group of the analyte: alcohols > 
phenols > carboxylic acids > amines > amides. TMSIM does not react with amino 
groups. BSTFA or BSA is preferred for making N-TMS derivatives. 

The derivatization reaction also depends on steric factors, use of catalysts, solvents, 
and temperature. Since many of the silylation reagents are good solvents, an additional 
solvent is often not necessary. If a solvent is needed, solvents like pyridine, dime- 
thylformamide, acetonitrile, dioxane, and tetrahydrofuran can be used. 

Acylation can be performed using anhydrides or acid chlorides as reagents. Very 
often halogen-containing reagents are used. The resulting derivatives are stable and 
very much suited for gas chromatographic separation, and give low detection limits 
with ECD. Some commonly used reagents are trifluoroacetic anhydride, penta- 
fluoropropionic anhydride, heptafluorobutyric anhydride, and their corresponding 
acid chlorides. 

The fluorinated derivatives have better chromatographic properties and higher 
volatility than chlorine and bromine derivatives, which have longer retention time 
and may have less stability. Even though mono- and dichlorinated derivatives often 
give better ECD response than the fluorinated derivatives, the latter are mostly used. 
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By using a reagent, which results in a higher number of fluorine, a derivative with 
good detectability and with little addition to retention time is obtained. Heptafluor- 
obutyric anhydride is a reagent giving a derivative that is a good compromise 
between volatility and ECD response. 

Most polar groups with a replaceable hydrogen atom can be acylated; however, 
acids cannot be acylated. 

Alkylation describes the reaction where an active hydrogen is replaced with an 
alkyl group, for example, a methyl group. Most polar groups can be alkylated, and 
many reagents can be used, for example, alkyl halogenides, diazo alkanes, and N,N’- 
dimethylformamide dialkyl acetal. An example of an alkylation is the formation of 
methyl esters of fatty acids by using methanolic BF3, where boron trifluoride (BF3) 
acts as a catalyst. 


Info-box 2.6 


For more information, see Refs [5,6]. 
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3 
High-Performance Liquid Chromatography (HPLC) 


3.1 
Introduction 


High-performance liquid chromatography, formerly called high-pressure liquid 
chromatography, was developed from classical column liquid chromatography. 
The introduction of smaller particles into the packing materials in the 1970s 
generated higher backpressure, which also required high-pressure mobile phase 
delivery units. The basic HPLC instrumentation consists of pump(s), injector 
(manual or automatic injection), column(s), detector, and a data handling device, 
as shown in Figure 3.1. Solvent is transferred between units through stainless steel 
or PEEK tubing with nuts and ferrules. 


Info-box 3.1 


More information on the history of HPLC is available in Ref. [1]. 


The pump(s) deliver solvents (the mobile phase) within a given flow range, related 
to the size of the columns and the choice of the detector. 

The sample is introduced at the inlet of the column — often by an autoinjector, the 
components are separated in the column and eluted by a connecting tubing into the 
detector, and signals are transferred from the detector to a PC where the data 
handling takes place. With the proper software, all the steps can be completely 
controlled by the PC. If one column is not sufficient, another can be added (as shown 
in Figure 3.1). The first column can also be a short guard column protecting the 
analytical column. 


3.2 
Solvents and Solvent Delivery 


The conventional HPLC piston pumps deliver the mobile phase (also called 
eluent) from one or two pumps, each with one or two pump heads, with a 


Chromatography: Basic Principles, Sample Preparations and Related Methods, First Edition. 
Elsa Lundanes, Léon Reubsaet and Tyge Greibrokk. 
© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA. 
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Figure 3.1 HPLC instrumentation (with two coupled columns). 


flow that can be adjusted, usually from 1 to about 10mlmin~', depending on 
the column size. 

Each pump head contains a moving piston and check valves (Figure 3.2). Some 
miniaturized systems operate with a flow as low as 1-10nl min _'. With nanoliter 
flow rates, many solvent delivery systems actually pump at a higher flow rate, but 
combined with a split, a minor part of the flow goes through the column. 

Solvent gradients require solvent delivery from at least two solvent reservoirs and 
a mixing unit. With low-pressure mixing, the solvents are mixed before entering the 
high-pressure system. With high-pressure mixing, each of the two pumps delivers 
solvent at elevated pressures to the mixing chamber (Figure 3.3). 

Most conventional pumps operate at pressures up to 400 bar, while some ultra- 
high pressure systems may operate at as high as 1000-1200 bar. Ultrahigh-pressure 
LC (UPLC or UHPLC) requires special made columns and connections for the high 
pressures. The high pressures are a result of columns packed with very small 
particles. 

Since the viscosity of the mobile phase may change during a solvent gradient, the 
backpressure in the column may also change (at constant flow). In mixtures of 
methanol and water, the viscosity is at a maximum at about 40% methanol. Thus, 
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Figure 3.2. HPLC pump head. 
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Figure 3.3 Solvent gradient systems in HPLC, where P is a pump, M is a mixer, | is an injector, 
and GP is a gradient programmer. 


from 0% methanol, the pressure increases first and then reduces to a level lower 
than the starting pressure at 100% water. 


3.2.1 
Maintenance 


Even if the parts are made from stainless steel and other inert materials, the pumps 
should never be left overnight or for longer time with strongly acidic or basic mobile 
phases or with salt solutions. Columns with aqueous mobile phases should be 
washed first with an aqueous solution to remove salts and then with 70-100% 
methanol or acetonitrile for preventing corrosion, salt precipitation, and growth of 
microbes. 

The built-in or added filters (for removing solid particles) must be examined and 
cleaned at intervals. Solid particles may damage both the check valves and the 
pistons and will plug the column inlet frit. 

Mobile phases containing salts should always be filtered after preparation. 

Dissolved air in the solvent reservoirs may cause problems, both with the pumps 
and with some detectors. Many instruments have built-in air removal systems. 
Otherwise, dissolved air should be removed by vacuum, by ultrasound, or by 
replacement with helium. 

One needs to be always aware of the risk of changing the solvent composition 
when air is removed in premixed solvents. 
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Mechanically moving parts that are left idle for a longer time often cause some 
problems at restarting. Keeping the pumps going at low flow is usually better than 
shutting down the whole system. 


3.2.2 
Automation 


Modern HPLC instrumentation can, in principle, be used around the clock. 
Requirements are autoinjectors with trays with samples in vials or wells, often 
temperature controlled, including control samples at fixed intervals, and fixed 
routines for cleaning, replacement of guard columns, and so on. 

With barcode reading of the samples and integrated data handling, the requirements 
for manual operations most of the time are limited to sample preparation. Still, without 
knowing in detail how the system works, the operator will soon be in deep trouble. 


3.3 
Injection 


3.3.1 
Techniques 


Manual injection is performed with an injection valve (Figure 3.4). With the help ofa 
syringe, the sample is filled into a loop of stainless steel/PEEK tubing or in a groove 
in the rotor, by partial filling or by overfilling, with the rotor in the load position. By 
switching the rotor to the inject position, the contents of the loop are pushed into the 
column by the mobile phase. The switching can be performed manually, by an 
electromotor or by pneumatic activation. 


3.3.1.1 Constant Volume Injection 

Overfilling the loop (with twice the loop volume) is recommended in order to keep 
good control of the actual injected amount. The actual injected volume is then 
determined by the loop size. 


Loop Column Loop Column 
Sample == Pump Sample== == Pump 
Waste Waste 
Load Inject 


Figure 3.4 Load and inject positions in an injection valve. 


3.3 Injection 


Figure 3.5 Manual HPLC injectors with external loop. 


3.3.1.2 Variable Volume Injection 

Partial filling is chosen when the available amount of sample is limited. Partial filling 
can be combined with backflushing the loop in order to reduce the dilution in the loop. 
The injected amount is then determined by the volume metered by the injection sy- 
ringe. Small injected volumes in large loops will result in considerable sample dilution. 


3.3.1.3 Volumes and Precision 

Typical loop sizes for conventional 4.6mm inner diameter (ID) columns are 
10-50ul (Figure 3.5). For narrow-bore columns, microinjectors with internal 
grooves in the rotor down to 20-50nl are available. For even smaller injection 
volumes, splitting the flow entering the column may be required. 

All precolumns and columns have a breakthrough volume that has to be deter- 
mined if there is a need to inject very large volumes. The breakthrough volume is 
related to the loading flow rate and the relative elution strength of the sample solvent 
compared to the mobile phase. 

A typical precision for manual injection is 0.5 and 1.2% relative standard deviation 
(RSD) for overfilling and partial filling, respectively. Autoinjectors deliver improved 
precision compared to manual injection, 0.1-0.2% RSD for overfilling. 


3.3.2 
Dilution and Refocusing 


3.3.2.1 Injection Volume Related to Solvent Elution Strength 
The maximum volume that can be injected in a column without extra band 
broadening depends on the elution strength of the sample solvent compared to 
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the elution strength of the mobile phase. With mobile phase as sample solvent, the 
sample is diluted in the loop because 5-10 loop volumes are required to displace 
the sample completely from the loop. By injecting in a solvent with lower elution 
strength, the diluted sample can be refocused at the column inlet. Injecting in a 
solvent with higher elution strength dilutes the sample further at the column inlet. 
It is usually better to inject a larger volume in a weaker solvent than a smaller 
volume (containing the same amount) in a stronger solvent, since complete 
displacement of the sample from very small grooves in the injector takes time. 


3.3.2.2 Timed Injection 

With timed injection, an electrical or pneumatic actuator is used to keep the inject 
position long enough for transferring the bulk of the sample to the column, but 
removing the tailing portion of the sample plug. The remainder in the loop must then 
be washed to waste before next injection. An internal standard is required for this 
technique. 


3.3.2.3. Carryover 

Injecting a low-concentration sample directly after a high-concentration sample, 
without cleaning the loop, will lead to carryover into the low-concentration sample. 
Thus, when large variations in concentration of analytes are expected, blanks should 
be inserted for cleaning between the samples. 


3.3.2.4 Combination with Solid-Phase Extractors 

Solid-phase extractors (SPEs) can be used separately from the HPLC instrumenta- 
tion to purify and concentrate the sample, but can also be filled in small precolumns 
and connected with the injector for a higher degree of automation. 

In order to be able to inject low-concentration samples in weak elution solvents, it 
is often advantageous to connect a small precolumn to a valve at the column inlet. A 
large volume can then be injected rapidly (at a much higher flow than in the 
analytical column), concentrated and partially purified in the precolumn (often 
called a trap column), and finally transferred to the analytical column (Figure 3.6). 
Backflushing from the SPE to the column usually results in a smaller transfer 
volume compared to frontflushing. 

A commonly used operation is determination of hydrophobic drugs in biofluids 
with restricted access materials (RAMs). On such SPEs, the small hydrophobic 
components enter the pores and are retained in the hydrophobic stationary phase 
material in the pores, while proteins and hydrophilic compounds are washed out of 
the precolumn. Finally, the hydrophobic solutes are eluted from the pores with 
methanol/acetonitrile. 


Info-box 3.2 


The use of RAMs in biological fluids is described in more detail in Ref. [2]. 
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Figure 3.6 Large-volume injection with coupled precolumn (trap column). 


3.3.3 
Calculation of Maximum Injection Volumes 


In order to be able to calculate the maximum volume that can be injected in a 
column, one has to differentiate between solutes with no retention, retained 
solutes dissolved in the mobile phase, and retained solutes dissolved in a solvent 
with lower elution strength than the mobile phase. Using sample solvents with 
higher elution strength than the mobile phase is usually not recommended, as it 
may result in broad peaks or double peaks, or at least would require small 
injection volumes. 


a) Solutes with no retention, dissolved in the mobile phase 
Maximum injection volume without extra band broadening is given by 


Vo-max = 0.25d2L/VN. 
Example: 4.6 mm x 15cm long column with N= 10000 gives 
Vo-max = 5mm3(5 ul). 
b) Retained solutes, dissolved in the mobile phase 
Vinax = Vo—max (K+ 1). 


Example: For k = 3, the maximum volume in the example above will be 20 ul. 


c) Retained solutes dissolved in a solvent of lower elution strength than the mobile phase 


Vmax = Vo—max (Ko + 1)°/(k + 1), 


where ko is the retention factor in the injection solvent of low solvent strength. 
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Example: For a solute with very high retention in the low solvent strength (kp = 10), 
with k=3 in the mobile phase and with the column above, Vmax = 600 ul. 


The focusing assumes no mass overload and no mass displacement effects. 


3.3.4 
Calculating the Dilution of the Analyte in the Column 


The dilution D can be calculated by 
D = o/Cmax = enr’(1+ k)V20LH/Viny, (3.1) 


where Cp is the concentration in the sample, cnx is the concentration at the moment 
of detection, and ¢ is the porosity of the column particles. 
Examples: 


Reducing the ID from 4 to 1mm: 16 times more concentrated peak 
Reducing the length from 20 to 5cm: two times more concentrated peak 
Reducing k from 8 to 2: three times more concentrated peak 


Thus, reducing the column inner diameter is the most efficient way of reducing 
the sample dilution. 


3.4 
Columns 


3.4.1 
Packed Columns 


3.4.1.1 Column Dimensions and Materials 

During the initial years of HPLC, the most common internal diameter of conven- 
tional analytical columns was 2mm, except for columns for size exclusion chro- 
matography that often used to be 7-8mm. Soon, the standard inner diameter 
changed to 4.6 mm, the standard length was reduced from 60 to 15-25 cm, and the 
particle size of the column packing materials was reduced from 40-50 to 5-10 um. 
The dimensions of the columns were initially related to the commercial availability 
of stainless steel tubing. Today, the internal diameters of conventional HPLC 
columns and microbore HPLC columns are in the range of 2-5 and 0.5-1 mm, 
respectively. Capillary columns typically have 0.1-0.5 mm ID and nanoflow columns 
have <0.1mm ID (Table 3.1). 

The columns are commonly made from stainless steel, with the exception of 
capillary and nanoflow columns that are usually made of fused silica tubing. 
Some steel columns have a glass inner wall in order to be more inert. The 
stationary phase particles are held in place by frits at each end of the column 
(Figure 3.7). 


3.4 Columns 


Table 3.1. Column dimensions in HPLC. 


Column type ID (mm) I (cm) d, (um) Typical flow (ul min~') 
Conventional 2-5 3-25 3-5 100-2000 

UHPLC 1-2 3-15 1.7-1.9 100-1000 

Microbore 0.5-1 3-25 3-5 20-100 

Capillary 0.1-0.5 3-25, 3-5 1-20 

Nanoflow 0.01—-0.10 5-25 3-5 0.02-0.20 


3.4.1.2 Effect on Detection 

Smaller internal diameters give more concentrated bands (less dilution). If there is a 
limitation on the available amount of sample, smaller ID columns will improve the 
detection limit with concentration-sensitive detectors. Typical concentration-sensi- 
tive detectors are UV, fluorescence, and electrospray ionization mass spectrometers 
(ESI-MSs). 

In Figure 3.8, tryptic peptides from 100 ng of yeast proteins were injected in 
four columns with different inner diameters, each 87cm long and packed with 
3.6 um C18 particles. The linear flow rate was maintained at 0.2cms'', resulting 
in a volumetric flow from 400 to 20nlmin~' and a pressure of 700bar. By 
reducing the ID from 74.5 to 14.9 um, the number of identified peptides increased 
from 7 to 1345. 


3.4.1.3 Solvent Saving 

Solvent saving is another advantage of reducing the diameters from 4.6 to 
1-2 mm, while still using the ordinary pumps. With the same linear flow, a reduction 
from 4.6 to 1mm reduces the solvent consumption from 1 to 0.05 ml min™'. But, 
if the reduced flow is based on flow splitting at the pump, there will be no solvent 
saving. 


Figure 3.7 Standard end piece of conventional HPLC column. 
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Figure 3.8 Chromatograms of tryptic digest of yeast proteins in the columns of different IDs. 
(From Ref. [8], with permission.) 


3.4.1.4 Column Efficiency 

The HPLC particles are made by processes that form spherical, porous beads of 
uniform particle size, almost monodisperse. Some particles contain a solid core plus 
a porous surface layer (core-shell particles). 

With 5 um porous particles, a well-packed HPLC column is expected to produce 
75-80 000 platesm~'. The most recent 2.5 um particles have been documented to 
give >200000 plates m~', while 1.8m particles have resulted in >250 000 plates 
m_'. This means that a 10 cm long column packed with 2.5 um particles should give 
20000 plates (with analytes of small molecular mass). 

For high speed purposes, the smaller particles allow high linear flow without large 
increases in the plate height (flat van Deemter curves), as seen in Figure 3.9. 


Info-box 3.3 


Never forget that column efficiency measured as theoretical plates can be 
performed only with isocratic elution. Gradient elution requires determination 


of peak capacity as a measure for the separating capability of a column. 
Note that the analytes of high molecular mass result in reduced column 
efficiencies, due to lower diffusion rates, compared to smaller solutes. 


3.4 Columns 
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Figure 3.9 Plate height as a function of linear flow for particles with different particle size. 


3.4.1.5 Column Lifetime 

Depending on the use, all columns have a limited lifetime expectancy. With good 
protection from dirty samples and good maintenance, a column should last for 
several months, up to 1 year. Without any protection from dirty samples and sloppy 
maintenance, a good column may be ruined after a short time. Small replaceable 
guard columns are recommended if the samples contain components that will be 
irreversibly adsorbed. With well-constructed guard columns, no significant reduc- 
tion in the column efficiency is obtained. A saturation effect however is noticed 
occasionally in some columns. A new column may have to be equilibrated with a 
number of sample injections in order to obtain stable elution conditions. The reason 
for this is that the packing may contain some adsorptive sites that need to be coated 
with components from the sample. 

At both ends of the column, there is a filter/frit (Figure 3.7), often made from 
stainless steel but also available with other materials. If dirty samples with partic- 
ulates are injected in the column, the inlet frit will soon be clogged, resulting in 
higher backpressure. A short guard column made with the same packing material is 
a wise protection for most columns. Ifa column is clogged, backflushing from the 
column end may sometimes save the column; but this is not the case if the inlet is 
clogged with proteins. 


3.4.1.6 Peak Shapes 
Early eluting solutes with “fronting” peak shapes and reduced plate numbers are 
often the result of overloading of the column. Solutes that are eluted in the front with 
“tailing” peak shapes can be the result of voids at the inlet caused by changes in the 
packing structure. Tailing peaks of retained analytes can be due to interactions of 
the analytes with uncoated sites on the packing that can be protected by changes in 
the mobile phase. In combination with partially overlapping peaks, tailing peaks 
constitute a problem for peak area measurements. Thus, peak width measurements 
at half height give higher peak capacity numbers compared to measuring peak 
widths at 10 or 4.4% of the peak height. 

In Figure 3.10, the dotted line indicates the most correct way of drawing the 
baseline, but even this will give only an approximate value of the peak area of the 
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Figure 3.10 Correct (dotted) and faulty (solid line) integration of tailing peaks. 


small peak at the tail. However, a “valley-to-valley” integration would have resulted in 
too high area for the small peak. 


3.4.1.7 Flow and Backpressure 
The particle size of packing materials in conventional columns is typically 3 or 5 um, 
while the ultrahigh-pressure systems utilize 1.7-1.9um particles, with 2.5 um 
particles in between. 

The backpressure resulting from pumping the mobile phase through the column 
is given by 
_ kunt 


2 
a, 


P (3.2) 
where «x is a constant, u is the linear flow rate, 77 is the viscosity (kg m? s'), Lis the 
column length, and d, is the particle diameter. 

Thus, the backpressure is doubled by doubling the column length. When the 
particle size is reduced from 5 to 3 um, the pressure increases almost three times 
with the same column length. 


3.4.1.8 Conventional Totally Porous Particles 

The conventional HPLC particles are porous throughout, with pore sizes normally 
ranging from 10 to 30nm (100-300 A). For extra large analytes, some particles are 
available with larger pores (50 nm), while some particles have pores down to 6-8 nm. 
For small molecules, the 6-10 nm pores are recommended due to a higher surface 
area (about 400m*g™'), and for molecular masses above 2000, the 30nm pores 
provide more security for preventing exclusion from the pores. 


3.4.1.9 Core-Shell Particles 

Nonporous particles, with a solid core and a thin porous surface layer (pellicular 
particles), have occasionally been used for macromolecules. The reason is that the 
slow diffusion velocity of macromolecules results in less band broadening in 
combination with the thin layers. However, the nonporous particles have a 
much smaller loading capacity than the totally porous particles. 


3.4 Columns 


The most recent core-shell particles consist of a solid 1.3—2.6 um core with a relatively 
thick porous 0.2-0.5 um shell. The homogeneous porous shell is grown on a solid 
silica core by sol-gel techniques. The current standard pore size is 10nm and the 
surface area is about 200 m* g_'. Due to the small particle sizes and the short diffusion 
paths, 5cm columns may give up to 15000 plates, equivalent to 300000 plates per 
meter. The 1.7 um particles are available in 5, 10, and 15cm columns, with inner 
diameters of 2-4.6mm. The smallest particles need ultrahigh-pressure systems 
(600-1000 bar). Core—shell particles allow high flow rates due to the fast mass transfer. 


3.4.1.10 Ultrahigh-Pressure LC (UHPLC or UPLC) 

Combinations of small particles and long columns result in high backpressures. 
Since the small totally porous particles as well as the core-shell particles give little 
increase in band broadening at high linear velocity, reduced analysis time and 
significantly increased peak height can be obtained by working at ultrahigh pressu- 
res. Pressure limits of 400 bar in conventional systems have now been increased to 
700, 1000, and even 1200 bar in some commercial instruments. Reduced analysis 
time and increased peak heights can be obtained (Figure 3.11) in combination with 
detectors that are equipped with fast electronics (40 kHz or higher). 


3.4.2 
Monolithic Columns 


Monolithic columns contain no particles, but consist of a continuous porous 
structure that is created by polymerizing monomers inside the column body, either 
organic polymers or silicates. 
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Figure 3.11 Reduced analysis time and increased peak height by UPLC compared to 
conventional HPLC (note different Y-axis). (From Ref. [9], with permission.) 
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The monolithic structure contains large macropores/gigapores (a few micro- 
meters inner diameter), mesopores (2-50 nm), and small micropores (<2 nm). Due 
to the large flow-through macropores, the backpressure is lower than that in packed 
columns, allowing higher linear flow rate or longer columns. 

Macromolecules cannot enter the macropores and interact partly with the 
mesopores and with the surface of the macropores. Since the polymeric monolith 
is linked to the column wall, no frits are required. 

For high-speed separation of small molecules, silica-based monolithic columns 
are commercially available with 2-4mm ID or in capillary column formats. The 
reversed-phase C18 columns are most common. 

Organic polymers are synthesized within capillaries, with polystyrene- 
divinylbenzene (PS-DVB) and polymeric methacrylates as the most common 
stationary phases. The most common process to make capillary monoliths includes 
opening silanol groups on the fused silica walls with sodium hydroxide, attaching a 
wall linkage, polymerization with monomer, cross-linker, porogen, and initiator, and 
sometimes grafting with other functionalities. 

Depending on the process, the monolith may contain more or less of micropores. 
With few micropores, the monoliths are suitable for macromolecules, but not for 
small molecules. 

Monolithic columns generally have a lower column efficiency than the packed 
columns per meter, except at high linear flow. 


Info-box 3.4 


A recent special issue on both silica-based and organic monoliths was published 
in Ref. [3]. 


3.4.3 
Microchip Columns 


Packed column beds, packed channels, or open channels can be constructed on 
microchips made from glass or organic polymers. The channels in glass chips are 
made with etching techniques. The mobile phase is delivered by a pump or by an 
electric potential. The chip connects either to a fluorescence detector or to a mass 
spectrometer with a “docking station.” The inner diameters of the channels/ 
columns are currently approximately 50-75 um and the lengths are 5-15 cm. 
Specially made valves result in very low dead volumes. The chip mode was initially 
thought to be able to handle disposable chips, but so far the commercial products 
are made for multiple use and are priced at the same level as the conventional 
columns. 

Several functions can be added on a lab-on-a-chip, where the solvents are driven by 
electric potentials (Chapter 7). 


3.4 Columns 


Info-box 3.5 


An interesting new mode of microchip columns are pillar array columns, made by 


micromachining [4]. 


3.4.4 
Open Tubular Columns 


Open tubular columns (OTCs) dominate completely in gas chromatography, but this 
is not the situation in HPLC. The reason can be found in the Golay equation. The 
contribution to peak broadening comes mainly from the C-term. Since D,, is much 
smaller in liquids, compared to gases, the d, needs to be much smaller, in the range 
of 10 um or less. 

This is a technological challenge and only recently have such columns started to 
appear. A disadvantage is that the loading capacity of open tubular columns is very 
low. Advantages are the increased sensitivity with concentration-sensitive detection, 
such as ESI-MS, for samples of limited availability, less adsorption problems with 
macromolecules such as proteins, and the absence of frits. All connections must be 
with true “zero dead volume” connectors in order to avoid band broadening. 


3.4.5 
Temperature Control 


Retention, particularly on reversed phases, is temperature dependent. Increasing 
temperature reduces the retention for most compounds (with a few exceptions, 
notably for polyethylene glycols). 

Asymmetric peak shapes are also often improved by increasing column temper- 
ature (Figure 3.12). 

This means that in laboratories with temperature fluctuations (particularly during 
the summer), the columns should be kept at constant temperature in a column oven. 

Improved peak shapes at higher temperatures are often related to the fact that the 
diffusion coefficient D increases with increasing temperature, as shown by the 
Stokes—Einstein equation (Equation 3.3), improving the mass transfer in both 
phases. The viscosity decreases at the same time: 


D= RT/6amNr, (3.3) 


where 77 is the viscosity, Nis the Avogadro number, ris the molecular radius, and Ris 
the gas constant. 


Info-box 3.6 


Since the B-term of the van Deemter equation (Equation 1.2) is of little signifi- 


cance in HPLC, the increased diffusion coefficient with increasing temperature 
will reduce the C-term more than the increase of the B-term. 
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Figure 3.12 Effect on peak shape and retention of increasing the temperature from room 
temperature to 90°C. The broad propanolol peak in (a) is likely due to interactions of the amino 
group with residual silanols. (From Ref. [10], with permission.) 


Since elevated temperatures reduce the viscosity of the mobile phase and thereby 
reduce the backpressure, higher speed and improved resolution can often be 
obtained by selecting a column temperature above room temperature. 

In high-temperature chromatography using conventional columns, preheating 
the mobile phase before entering the column is recommended in order to avoid 
radial temperature differences. 

With capillary columns, temperature gradients have been demonstrated to be 
highly useful for larger molecules (Figure 3.13). 


3.4 Columns 
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Figure 3.13 Oligomeric amines (HALS 94, an scattering detection. Temperature program 
industry product), separated on 3m Hypersil from 30 to 130°C. The b, c, and d peaks are 
(0.32 mm x 35 cm) with ethyl acetate— by-products of the main polymer (a). (From 
acetonitrile-triethylamine (40:50:10) and light Ref. [11], with permission.) 


However, in general and particularly for small molecules, solvent changes have 
stronger effect on retention than temperature changes, and solvent gradients are 
usually preferred. 


3.4.6 
Preparative LC and Flash Chromatography 


In many preparative separations, the main purpose is to fractionate as much of a 
sample as fast as possible to obtain a sufficient amount of the wanted product(s). If 
the columns are overloaded, either by volume or by mass, band broadening takes 
place and overlapping peaks are common. Examples of preparative separations are 
shown in Figure 3.14. 

In flash chromatography, short wide columns (15—20cm long) are packed with 
40-60 um irregular particles and a compressed gas (nitrogen) pushes a solvent 
through the column. The advantages are high speed and low cost, while the 
disadvantage is low efficiency. The authors of the first paper on flash chromatogra- 
phy published in Journal of the American Chemical Society claimed that increased 
efficiency is due to the high speed. This is incorrect and based on a misunderstand- 
ing of chromatographic theory. In fact, the difference between flash chromatography 
using 50um particles and preparative HPLC using 10m particles was nicely 
demonstrated by Agilent (Figure 3.14). 
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Conditions 

Column A: SuperFlash SF10-5.5g C18 (part number AX1372-1) 
Column B: SepTech ST60 10-C18 

Eluent: 60:40 Acetonitrile:water 


Peak Identification 
1. Uracil 

2. Acetophenone 

3. Methyl benzoate 
4. Toluene 

5. Naphthalene 


Figure 3.14 Preparative LC (b) and flash chromatography (a) of a mixture of compounds. 
(http: //www.chem.agilent.com/Library/applications/5990-7537EN.pdf.) 


3.5 
Stationary Phases and Their Properties in HPLC 


3.5.1 
Normal-Phase Materials for Adsorption Chromatography 


3.5.1.1 Separation Principles 
In adsorption chromatography, the partition coefficient K describes the distribution 
of the analyte between the stationary and mobile phases: 

log K = log V, + a(S° — Age°), (3.4) 
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where V, is the surface volume of the adsorbent (monomolecular layer of solvent), a 
is the adsorbent activity (surface energy related), S° is the adsorption energy of a 
compound from pentane on a given adsorbent, S° is }>Q;, where Q; are the 
functional group adsorption energies, A, is the area necessary to give adsorption 
of a single molecule of a compound on a given adsorbent, and ¢° is the solvent 
strength where large e° gives a small K. 


3.5.1.2 Silica 
The most used adsorbent material is silica. The silica particles are made by sol-gel 


processes, starting with either sodium silicate or alkoxysilane and resulting in 
spherical porous beads of even particle size. 


Info-box 3.7 


Two categories of silica are available as the basis for column materials. Type A 


silica has a lower concentration of silanol groups, while type B silica is fully 
hydroxylated. Type B silica, from hydrolysis of tetraalkoxysilanes, also contains 
less metal impurities. 


Normal pore sizes vary from 6 to 30nm. The silica particles are rigid and 
noncompressible, which is one reason why many HPLC packing materials are 
based on a silica structure. The silica surface contains silanol groups with a pK, from 
6 to below 3. Thus, silica is acidic, causing extra strong retention of analytes with 
amino groups. 

Silica is used for adsorption chromatography with organic solvents as mobile 
phases. Typical mobile phases are hexane mixed with a more polar solvent, such as 
dichloromethane or ethyl acetate, often with 0.1-0.5% of methanol or acetonitrile. 
Acetone, otherwise with many good properties, cannot be used in HPLC with UV 
detection due to the high UV cutoff. 

Alkanes are weak solvents in adsorption chromatography, while alcohols are 
strong solvents (Table 3.2). 

Alcohols, as well as water and acetonitrile, bind to the silanol groups, deactivate 
silica, and prevent strongly tailing peaks. Due to the bound polar molecules, silica 
cannot be used for gradient elution because equilibration to starting conditions 
takes too long time. 

Analytes with polar groups (OH, NH, SH, CO, NO, SO, etc.) are more retained 
than analytes without polar functions. 

Silica is a good stationary phase for the separation of position isomers. 


3.5.1.3. Alumina, Titania, and Zirconia 

Aluminum oxide (alumina) and titanium oxide (titania) are not much used as 
stationary phases in HPLC. The solvent strength on these adsorbents is similar to 
the solvent strength on silica. Alumina and titania both have basic functions giving 
strong retention of analytes with acidic groups. In addition, aluminum, titanium, 


66 


3 High-Performance Liquid Chromatography (HPLC) 


Table 3.2 Solvent strength on silica and other solvent properties. 


Solvent Solvent strength (<°) Boiling point (°C) Viscosity (cP) | UV cutoff (nm) 
Hexane 0.00 65 0.30 195 
Toluene 0.22 111 0.59 284 
Chloroform 0.26 61 0.57 245 
Dichloromethane _ 0.30 40 0.44 233 
Diethyl ether 0.38 35 0.24 218 
Methyl t-butyl 0.48 55 0.27 210 
ether 

Ethyl acetate 0.48 77 0.45 256 
Acetonitrile 0.52 82 0.36 190 
Tetrahydrofuran 0.53 66 0.55 212 
Acetone 0.53 56 0.36 330 
2-Propanol 0.60 82 2.40 205 
Methanol 0.70 65 0.55 205 


and zirconium atoms are Lewis acids, retaining Lewis bases (analytes with lone pair 
electrons such as ethers, ketones, sulfoxides, phosphates, but also with aromatics). 
Titania and zirconia are normally not used for HPLC columns, but have found some 
use for selective retention of phosphorylated peptides and proteins (in aqueous 
solutions, in the area of proteomics). 

Titania- and zirconia-based materials have been used for high-temperature HPLC 
applications, due to their high stability at high temperatures, coated with phosphates 
to reduce the strong Lewis acid properties (Figure 3.15). 


3.5.1.4 Silica with Bonded Polar Functional Groups 
Due to the many good properties of silica as a chromatographic material, several 
polar organic functions have been bonded to the surface to avoid the unwanted 


14 
13 
E 12 
Tt 
° —*-50°C 
=o —*-100°C 
4 ° 
se 150°C 
9 
0 0.1 0.2 0.3 0.4 0.5 


u (cm/s) 


Figure 3.15 Van Deemter curves for 3 ttm polybutadiene zirconia with aqueous acetonitrile 
phosphate buffer. 
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Figure 3.16 Surface groups of cyanoalkyl silica. 


silanol interactions, including hydroxyl, cyano (Figure 3.16), amino, and ion 
exchange functions. Such materials act as polar adsorbents and can even be 
used for gradient elution, but the application area is usually not very wide. 

Solvents similar to the solvents used on silica can be used, but the materials can 
also be combined with aqueous solvents, such as for hydrophilic interaction 
chromatography. 


Info-box 3.8 


Depending on the selected group and the choice of mobile phase, silica with 


bonded polar groups can be used in adsorption chromatography, in hydrophilic 
interaction chromatography, and in ion exchange chromatography. 


3.5.1.5 Hydrophilic Interaction Liquid Chromatography (HILIC) 

HILIC materials can, in principle, be any one of the polar stationary phases, from 
silica to ion exchangers, making use of polar interactions between the analyte and 
the stationary phase with mobile phases consisting of a mixture of water and 
acetonitrile or methanol or ethanol. Zwitterionic materials (ZIC-HILIC) constitute a 
prominent type of HILIC columns. 

The HILIC mode starts with a high amount of organic solvent in the mobile 
phase; hydrophobic analytes are eluted first, while hydrophilic (polar) analytes are 
retained. By increasing the water content of the mobile phase, the polar analytes will 
be eluted. 
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A HILIC gradient may start with 80% and go down to 20% acetonitrile in a 50 mM 
aqueous buffer. 

Typical applications for the HILIC mode are compounds with charged groups 
and high water solubility, giving little retention with reversed-phase columns. 
However, never inject large volumes of aqueous sample solutions in a HILIC 
column. Since water is the strongest eluent in HILIC, broad peaks are the 
inevitable result. 


Info-box 3.9 


A special issue on HILIC and mixed modes can be found in Ref. [5]. 


3.5.1.6 Carbon Materials 

Carbon has a strong affinity to high molecular mass substances and has tradi- 
tionally been used for purification/decoloration in synthetic organic chemistry. 
The porous graphitic carbon (PGC), which is used for chromatography, behaves as 
a hydrophobic adsorbent, stronger than reversed-phase materials, but with strong 
dipolar and electron lone pair interactions for additional retention of polar 
analytes. 

Porous graphitic carbon particles are used with aqueous mobile phases, but are 
probably more valuable for solid-phase extraction in small columns than in ordinary 
HPLC columns. 

Typical mobile phases with PGC are mixtures of alcohols and aqueous buffers, as 
with reversed-phase materials. 


3.5.2 
Reversed-phase Materials 


3.5.2.1 Separation Principles 

Reversed-phase (RP) materials have received this name since the elution order is 
approximately reversed compared to adsorption chromatography on polar materials. 
This means that nonpolar analytes are more retained than polar analytes on a 
nonpolar stationary phase. 

Reversed-phase materials are mainly used with buffered aqueous mobile phases 
(containing a mixture with a miscible organic solvent), but nonaqueous mobile 
phases can also be used for many hydrophobic molecules (such as lipids). Ordinar- 
ily, the mobile phase consists of mixtures of acetonitrile-water or methanol—water, 
most often with buffers or acids for pH control. 

Solvent gradients start typically with 5% acetonitrile or methanol and then 
gradually increase the amount of organic solvent. If silica-based C18 materials 
(Figure 3.17) are started with 0% organic solvent, the C18 groups extending from the 
surface are at risk of being flattened, resulting in lower loading capacity and reduced 
retention. 
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Figure 3.17 (a) Monomeric and polymeric silica-based materials. (b) Polymeric silica-based 
materials with C18 and C8 groups. 


Reversed-phase chromatography is the most widely used separation principle in 
HPLC. 


3.5.2.2 Retention 
Within a narrow mobile phase composition range, the retention in a reversed-phase 
column can roughly be described by 


log k = log ky — Sd, (3.5) 


where k,, is the solute retention factor for water as mobile phase (water has the 
weakest elution strength in RP), @ is the volume fraction of the organic solvent, and 
Sis a measure of the elution strength of the organic solvent (nonpolar solvents are 
the strongest solvents in RP). 

The silica-based RP stationary phases contain a solvation layer of organic solvent 
and water on the surface, also including residual silanol groups, modifying the 
properties of the surface functions of the solid particles. RP materials made from 
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organic polymers may also be considered to have a solvent-modified surface, but 
without the silanol interactions. 

There are different models trying to give a theoretical basis for the retention in RP, 
with the solvation parameter model as the currently most widely accepted. 


3.5.2.3. The Solvation Parameter Model 

The solvation parameter model intends to describe the free energy of transferring a 
solute from the mobile to the stationary phase as a series of product terms 
representing cavity formation (of hydrophobic solutes in the aqueous mobile phase) 
and dispersion interactions, plus dipole interactions, hydrogen bonding, and lone 
pair interactions between polar groups in the solute and polar groups on the solvated 
surface. 

System constants for the different interactions have been calculated for different 
packing materials and are available in large tables in the literature. A small selection 
is shown in Table 3.3. 

One group of interactions is related to the combined cavity formation and 
dispersion interactions represented by the parameter m. 

The cavity formation component (which is a measure of the hydrophobicity) and 
the dispersion interactions increase with the size of the hydrophobic part of the 
analyte. 

The r/m represents lone pair and n-electron interactions, and the s/m represents 
dipole-dipole interactions. 

In addition to the constants in Table 3.3, there are also system constants for the 
difference between basicity (b/m) and acidity (a/m) between the solvated stationary 
phase and the mobile phase (not shown here). 

Table 3.3 shows how the hydrophobic interactions increase gradually from the 
cyanoalkyl material to PGC. 

The negative sign of s/m means that the solutes have stronger dipole—dipole 
interactions with the mobile phase than with the solvated stationary phase. 


Table 3.3 Solvation parameter system constants for some selected stationary phases with 50% 
methanol-water as the mobile phase. 


Stationary phase m r/m s/m 
Cyanopropyl-dimethy] silica 0.84 0.25 0 
Phenyl-dimethy] silica 1.13 0 0 
Methyl-dimethy] silica 1.25 0 —0.10 
Octyl-dimethy] silica 2.29 0.03 —0.26 
Octadecyl-dimethy] silica 2.68 0.14 —0.31 
PLRP-S polymer (PS-DVB) 2.77 0.16 0 


PGC (carbon) 3.21 0.30 0.08 


m: cavity formation and dispersion interactions. 
r/m: lone pair and n-electron interactions. 
s/m: dipole-dipole interactions. 
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For a homologous series of analytes, the retention factor is a linear function of the 
number of carbon atoms (with some deviation for the smallest numbers). 


3.5.2.4 Silica-based Reversed-phase Materials 

The silica-based reversed-phase materials are made from silica particles by 
bonding C18 or other alkyl chain silanes, with different protective groups, 
including hybrids with small carbon chains, into particles with different propert- 
ies depending on the chemistry that has been performed. By reaction of silanol 
groups with alkoxy or chlorosilanes, —O—Si—O— bonds are created for the 
common reversed-phase materials. Depending on the silane substituents and the 
reaction conditions, the stationary phase obtains a character as monomeric or 
polymeric. A monomeric phase is made by reacting a monochlorosilane with 
silica. A polymeric phase is made by reaction with a trichlorosilane, as shown 
in Figure 3.17a. 

Some materials are specially made for low-pH applications (pH 1-2), while 
others are made for use up to pH 9-11. The polymeric materials provide better 
protection of the silica surface and will generally be better for use at high or low 
pH. However, even the polymeric silica-based materials should never be stored at 
basic pH. 


Info-box 3.10 


The surface silanization will never be complete and all materials contain a number 
of residual silanol groups that may participate in secondary interactions. The 
extent of such interactions depends on the protective properties of the alkyl 


groups in the silane reactants. 

Depending on the extent of surface coverage by protecting groups, different 
C18 materials may behave very differently especially toward solutes with amino 
groups. 


The hydrophobic character of the stationary phase increases with the chain length 
of the alkyl chain in the silica-based packings. Chains with up to 30 carbon atoms 
(C30) and down to C1 are commercially available, but the C18 (octadecylsilane, ODS) 
packings dominate for most purposes. 

The C30 materials have been used mainly for separation of configuration isomers. 

In addition to the plain alkyl groups, there are reversed-phase materials with 
phenyl groups, phenyl—hexyl groups, phenyl-C18 groups, and pentafluorophenyl 
groups. The phenyl materials are slightly less hydrophobic compared to C18 
materials, with a possibility for improved resolution of aromatic compounds. 
The fluorinated materials offer improved resolution of basic compounds by inter- 
actions with the electronegative fluorine atoms. 

The silica-based materials, in general, are very rigid and are stable at pressures 
even higher than 1000 bar. 
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3.5.2.5 Hybrid Materials and Hydrosilated Materials 
Hybrid materials are made as polymers of alkyl silanes and organic monomers, with 
fewer accessible silanol groups while still maintaining the rigidity of silica. Hybrid 
materials often allow higher pH of the mobile phase. 

Hydrosilated materials are made by replacing the Si—O bonds on the silica 
surface with Si—C bonds: 


| | 
= —OH +(C,H.O),SiH = — ; —H+nC,H,OH 


| | 
—Si-H+CH,=CR = ~$1— CH, — CHR 
| 


More than 95% of the silanol groups can be replaced by the stable Si—C bonds. 
Column materials with Si—C bonded functions on the silica surface are commer- 
cially available, but have not achieved the same position as the more conventional 
Si—O bonded materials. 


3.5.2.6 Organic Polymer-based Materials 

The organic polymer reversed phases are often made by copolymerization of styrene 
and divinylbenzene (PS-DVB), but materials incorporating C18 chains in acrylate 
polymers can also be found. 

The PS-DVB columns are mainly for use at very high or very low pH, where most 
silica-based columns are less stable, or when more hydrophobic character is needed. 
Most packing materials are available as 3-5 um particles. The column efficiency is 
often lower in comparison with the silica-based columns, and there are pressure 
limitations, allowing conventional HPLC but not UHPLC. 

Monolithic polymer columns are made from many different monomers with 
different polar groups, mainly acrylates and methacrylates, but only a limited 
number of these are commercially available. 


3.5.2.7. lon Pair Chromatography on Reversed-Phase Columns 

Ion pair chromatography was developed in order to increase the retention of 
highly water-soluble ionic compounds in reversed-phase columns. This is 
obtained by adding a low concentration (about 5 mM) of a hydrophobic counter- 
ion to the mobile phase. The ion pair formed by the polar ion (Q,,) and the 
counterion (X,,) is more hydrophobic than the parent ion, whereby the retention 
is increased: 


Qag + Xaq = QXorg: 


For analytes containing a carboxylic group, positively charged ions such as tetra- 
butylammonium bromide are used. For analytes with an amino group, counterions 
such as octyl sulfonate or sodium dodecyl sulfate (SDS) can be used. 

Ion pairs created by addition of large hydrophobic counterions have higher 
retention than the original ion pairs with smaller hydrophobic groups. 
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Retention in ion pair chromatography is regulated by the type of counterion, the 
concentration of counterion, the concentration of organic solvent, and the concen- 
tration of salts and pH. 

Higher concentration of counterion increases retention and higher concentration 
of organic solvent decreases the retention. Larger size of the hydrophobic group 
increases retention. 

Stability is increased by including 0.1-0.2 M concentration of a buffer. 


Info-box 3.11 


lon pair chromatography can be an alternative when insufficient retention is 
obtained in reversed-phase columns. 


However, be aware of the fact that ion pair chromatography cannot be used 
with gradient elution and also not with mass spectrometric detection. 


3.5.2.8 Hydrophobic Interaction Chromatography 

Hydrophobic interaction chromatography (HIC) uses hydrophobic interactions on 
weakly hydrophobic stationary phases combined with a negative ion strength 
gradient (starting with high salt concentration). The technique was developed for 
separation of proteins, which had too high retention with ordinary reversed-phase 
materials, but is not widely used in HPLC. 


3.5.3 
lon Exchange Materials 


Ion exchange chromatography includes weak and strong anion exchangers and weak 
and strong cation exchangers (Table 3.4). 

The functional groups are linked to the surface of silica particles or polymer 
particles. 

The weak ion exchangers have a limited pH range of use. The starting pH of anion 
exchangers must keep the anionic analytes ionized at the same time as the 
functional amino group must be protonated. 

With a pK, around 5 for a carboxylic acid and a pK, around 9 for the amino group of 
the ion exchanger, this is only possible around pH 7 for analytes with carboxylic groups. 


Table 3.4 Properties of ion exchangers. 


lon exchangers Type Basis Functional group pH range 

Anions Weak (WAX) Silica, organic polymer —N(R)2 7-2 
Strong (SAX) Organic polymer —N(R)37 10-1 

Cations Weak (WCX) Silica, organic polymer —Coo— 6-9 


Strong (SCX) Organic polymer —SO3;— 1-10 
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Similarly, a weak cation exchanger must keep amines protonated and the 
carboxylic cation exchanger ionized at pH around 6-7. 

With strong ion exchangers, the useful pH range is much wider. For the high or low 
pH values, polymeric materials are recommended, compared to silica-based materials. 


3.5.3.1 Elution 

Gradient elution is performed either with a pH gradient at constant ion strength or 
with an ion strength gradient (typical 0.05—1 M) at constant pH. Both stepwise and 
continuous ion strength gradients are used. Combinations of pH and ion strength 
gradients are also known. 


Info-box 3.12 


lon strength gradients are usually preferred due to the potential impact of 


dissolved CO from the air on the basic part of a pH gradient, affecting the 
retention repeatability. 


3.5.3.2 Retention 

The retention on ion exchangers is a function of charge and type of the stationary 
phase, the degree of ionization of the analytes, and the type and concentration of 
ions in the mobile phase, as well as analyte molecular size. 

With strong ion exchangers, the degree of ionization of the analyte becomes most 
important. Thus, compounds with a carboxylic group (with pK, 5) will not be 
charged at pH 3. Likewise, compounds with an amino group (with pK, 9) will not be 
charged at pH 11. Since this is a very high pH for many analytes, an ion strength 
gradient, at lower pH, is usually preferred over pH gradient elution. Alternatively, a 
weak cation exchanger can be used. 

Silica-based ion exchangers must be used within a limited pH range. 


Info-box 3.13 


The effects from molecular size are often related to hydrophobic interactions with 
nonpolar parts of the stationary phase. Hydrophobic interactions can be reduced 
by including 10-20% of methanol/acetonitrile in the mobile phase. This is often 


done when cation exchangers are used in the first dimension of two-dimensional 


separation of peptides, with reversed phase in the second dimension. 


3.5.4 
Chromatofocusing 


Chromatofocusing can be described as isoelectric focusing without an electric field 
for separation of proteins. 
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On a weak anion exchanger, proteins are not only applied at high pH but are also 
retained. The mobile phase contains buffers with a mixture of amino groups with 
different pK, and with buffering capacity covering the whole pH range (polybuffers). 

Starting elution with an acidic solution of the buffers, a pH gradient will be 
formed in the column and proteins will be eluted when the pH in the column 
becomes equal to the pI of the protein. 

Modifications of chromatofocusing have been developed using pH gradients, but 
with other buffers. Figure 3.18 demonstrates the reconcentration that was obtained 
after diluting the sample 1000 times. 


Info-box 3.14 


Chromatofocusing and similar pH gradient focusing methods as shown in 


Figure 3.18 have so far not been accepted for general use. The reason is probably 
the analytical restrictions that are caused by the amines in the mobile phase. 


3.5.4.1 lon Chromatography for Inorganic lons 

Specialized ion exchangers have been developed for determination of inorganic ions 
with conductivity detection. The original system consisted of a separation column 
that separated the ions and a suppressor column (now a suppressor membrane) that 
converted the ions into highly conducting species at the same time as the conduc- 
tivity of the eluent was reduced. 

On a cation exchanger, analyte cations are separated and eluted with 1-10 mM 
HCl. The eluted cations are released as highly conducting hydroxides, while the 
anions are retained on the membrane. 

Anions on an anion exchanger are separated and eluted with 2 mM carbonate or 
bicarbonate solutions, replacing the cations with protons on the suppressor, forming 
carbonic acid (with low conductance). 
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Figure 3.18 Separation of the milk proteins buffer. In both chromatograms, the same 
B-globulin B (pl 5.2) and B-lactoglobulin A amount of proteins was injected, but in 0.1 and 
(pI 5.1) on PL-SAX with pH gradient from 6.8 to 100ul injection volumes, respectively. (From 

4 and piperazine and N-methylpiperazine in the Ref. [12], with permission.) 
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3.5.5 
Size Exclusion Materials 


3.5.5.1 Separation Principles 

Size exclusion chromatography (SEC) is based on the separation of macromolecules 
on porous particles with a defined pore size. With aqueous mobile phases and 
protein analytes, the term gel filtration has been the common name for SEC. With 
polymers and nonaqueous mobile phases, the term gel permeation chromatography 
(GPC) is also used. 

Analytes too large to penetrate the pores are transported with the mobile phase 
between the particles and elute at a retention volume Vo. Analytes small enough to 
completely penetrate all the pores elute at a retention volume V;. Solutes of 
intermediate size elute in between (Figure 3.19). The elution volume V. for any 
compound is then given by 


Ve = Vo + KVi, 8) 


where K is the distribution coefficient, constrained to values between 0 and 1. 
Within a limited range, the distribution coefficient is a function of the molecular 
mass M: 


K=A-— Blog M, (3.7) 


where A and B are constants. 
For proteins, M is the size of the solvated molecule, given as the Stoke radius. 
In principle, SEC separates purely according to size (hydrodynamic volume), 
assuming no interactions between the solutes and the stationary phase. 


3.5.5.2 Materials 

Prior to the development of HPLC, gel filtration was performed on dextranes, 
agaroses, polyacrylamides, or polystyrenes. The majority of these materials cannot 
withstand the column backpressures produced by small-particle materials. Today 
most modern SEC materials are made from silica-based particles or from poly- 
styrenes. The surface functions of the silica-based materials are related to whether 
the applications are in aqueous or nonaqueous solvents. 


log M 


Vo V> + V; 


Figure 3.19 Retention volume as a function of log molecular mass (M) in SEC. 
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All materials are available with different pore sizes (from 6 to 100 nm), each with a 
given molecular mass fractionation range. Thus, choosing the correct pore size is 
important for obtaining the best separation. 


3.5.5.3. Mobile Phases 

Selecting the proper packing materials with the proper fractionation range is 
essential. Some materials are made for organic mobile phases and some are 
made for aqueous phases, depending on the solubility of the analytes. 

With aqueous mobile phases, there will always be a potential for some hydro- 
phobic or ionic interactions. Salts and organic solvents in the mobile phase can 
reduce such interactions. 

In biological applications, size exclusion chromatography is often used for 
separating macromolecules from small molecules and for obtaining an estimate 
of the molecular mass. 

In the polymer industry, size exclusion is the most common separation method. 
The industry uses SEC mainly for characterization of the mass distribution of the 
different products. 


Info-box 3.15 


Due to low solubility of many industrial polymers in common solvents at room 
temperature, elevated temperatures may be required. Thus, polyethylenes and 


polypropylenes need mobile phases such as trichlorobenzene at 140°C, while 
polystyrenes and polybutadienes can be separated in toluene at 40-70°C. More 
polar organic polymers are often chromatographed in tetrahydrofuran. 


Unfortunately, SEC has a narrow separation window due to the limitation of the 
distribution coefficient. The peak capacity is lower than with other HPLC separation 
principles, and typical values are in the range of 10-20. 


3.5.6 
Materials for Chiral Separations 


3.5.6.1 Separation Principle 

Configurational isomers (cis—trans isomers etc.) as well as diastereomers (containing 
two optical centers) can be separated in ordinary HPLC columns. Optical enan- 
tiomers (mirror images) need the assistance of a chiral selector in the stationary 
phase or as an additive to the mobile phase. Thus, separation of enantiomers can 
take place by either of the following: 


1) reaction with an optically active reagent to form diastereomers, 

2) addition of an optically active ingredient to the mobile phase for complexation to 
diastereomers, and 

3) stationary phases with built-in stereoisomeric (chiral) functions. 
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Figure 3.20 {-Cyclodextrin and cavity. 


Chiral stationary phases are also used in gas chromatography, in supercritical 
fluid chromatography, and in electrochromatography, in addition to HPLC. 

When a racemic mixture of an optically active molecule passes through a 
stationary phase containing a chiral function, short-lived association complexes 
are formed with slightly different chemical properties leading to a difference in 
retention of two optical isomers. 


3.5.6.2 Materials 

The majority of the chiral stationary phases are silica based. The most commonly 
used phases have cyclodextrins linked to the silica. Cyclodextrins are oligosacchar- 
ides with p-glucopyranoside units linked to construct cavities of different sizes 
(Figure 3.20). 

The cyclodextrins are produced from starch by enzymatic conversions and are 
composed of 5-32 units, but the typical cyclodextrins for chromatographic use con- 
sists of 6 units (c-cyclodextrin), 7 units (6-cyclodextrin), or 8 units (y-cyclodextrin). 

The interior of the cavities are less hydrophilic than the aqueous environment and 
is able to host hydrophobic analytes. This is also why cyclodextrins have been used 
for preparation of cholesterol-free products in the food industry. Some cyclodextrins 
are also made with hydrophobic substituents on the top of the cavity. 

Other chiral functionalities are peptides (e.g., Vancomycin) linked to silica, linked 
proteins (e.g., a-acid glycoprotein), and cellulose units (e.g., Chiralcel). 


3.5.7 
Affinity Materials 


3.5.7.1 Separation Principle 
Affinity chromatography is based on interactions between an antigen (the analyte) 
and an antibody. The antibody, which is normally a protein (an immunoglobulin), is 
bound to the stationary phase and contains a cavity or another open structure that fits 
a part of the antigen, called the epitope (Figure 3.21). 
When the sample containing the antigen passes through the column, the antigen is 
“grabbed” by the antibody, while all other components are eluted from the column. 
The assumption is that the antibody is selective only for the antigen, like a key to 
a lock. 
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Figure 3.21 Antigen—antibody interaction. 


Affinity chromatography is mainly used for on/off purposes, retaining the antigen 
for selective purification and concentration. 


3.5.7.2 Affinity Materials for Chromatography and Microarrays 
The stationary phases are often specially made for each purpose, but some general- 
purpose materials are commercially available, such as avidin- or streptavidin- 
containing materials for catching biotinylated proteins/peptides or DNA fragments. 
Streptavidin is a protein with 159 amino acids that forms an unusually strong 
complex with biotin (vitamin By) (Figure 3.22). 

By chemical methods biotin can be attached to other molecules, for example, by 
bonding to amine groups in proteins, without losing the strong interaction with 
streptavidin. 


Info-box 3.16 


Specific antibodies can be produced by injecting an antigen into an animal, such as 
chicken, and then extracting the antibodies from the egg yolk. These antibodies are 


called polyclonal antibodies, since several proteins can bind to the same antigen. In 
order to make antibodies that are specific for a single epitope of an antigen, called 
monoclonal antibodies, special cloning procedures are required. 


If the antibody is combined with an enzyme that can give a signal when the 
antigen is bound, a diagnostic tool is obtained. Such a tool is enzyme-linked 
immunosorbent assay (ELISA). An ELISA procedure starts with coating (immobi- 
lizing) the sample containing the antigen on the surface of a microtiter plate. The 
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Figure 3.22 The structure of biotin. 


antibody is added forming a complex with the antigen, and as soon as the epitope is 
recognized, the enzyme (or another reporter molecule) releases a signal, for 
example, fluorescence, directly related to the amount of antigen on the plate. 

In general, ELISA techniques are very sensitive, but not always completely 
selective, and are also with suboptimal quantitative properties. 

Microarrays contain hundreds of different antibodies attached to wells in a 
microtiter plate, making use of similar techniques, for DNA, RNA, proteins, or 
other molecules, producing colored spots at different wavelengths. Large libraries 
with thousands of antibodies are also available in high-throughput screening of 
molecules affecting antigen—antibody interactions with robotic systems. 


Info-box 3.17 


A special issue on molecular recognition is found in Ref. [6]. 


Synthetic antibodies can be made by the molecular imprinting polymerization 
(MIP) techniques. A polymerization is performed in the presence of a template for 
the antigen, whereby the template is surrounded by the polymer in a porous 
structure. The template is then removed by dissolving in an appropriate solvent, 
leaving a cavity fitting the antigen or a part of the antigen (see Section 9.3.5). 

MIP materials have so far mainly been used for selective enrichment of compo- 
nents from environmental samples; however, large efforts are underway to extend 
their use into life science. 


3.6 
Detectors 


Traditionally, the UV detector was the most important detector in HPLC, but bench- 
top mass spectrometers have steadily gained in practical use and robustness and are 
now serious competitors to UV detection. However, the UV detector is still a much 
simpler piece of instrumentation and will be preferred if there is no need for more 
sophisticated sensitive or selective detection. 

Other detectors to be mentioned are the fluorescence detectors, the light scatter- 
ing detectors, the electrochemical detectors, the refractive index (RI) detectors, the 
conductivity detector, and the corona discharge detector, as well as detectors for 
measurement of radioactivity, optical rotation, and NMR. 


3.6 Detectors 


Table 3.5 Some properties of the most common HPLC detectors. 


Selectivity mLOD? Gradients 
UV Chromophores 0.1-1 ng Yes 
MS Very high (femtogram-picogram)”” Yes, limitations 
Fluorescence Fluorescent groups <10pg Yes 
Electrochemical Ox./red. groups <10 pg Limitations 
Light scattering Almost universal 0.1-10 ng Yes 
RI Universal 0.1-1 ug No 


a) Mass limit of detection. 
b) With selected ion monitoring (SIM). 


Some detectors are universal, while others are more or less selective. The most 
selective detection is obtained by mass spectrometry (Table 3.5). 


3.6.1 
UV Detection 


In the conventional UV detectors, light from a source is sent through a slit and split 
into radiation of different wavelengths in a monochromator (Figure 3.23). With a 
filter or a grating, selected wavelengths are passed through the sample. A signal will 
be obtained for all compounds that absorb light of the appropriate wavelength. 
According to Beer’s law, the measured absorbance A can be obtained by 


A= ebc, (3.8) 


where ¢ is the molar absorptivity, b is the path length, and c is the concentration. 

Beer’s law states that the absorbance is concentration related. This means that in 
order to obtain low detection limits, the chromatographic band must be as 
concentrated as possible to give high peak height. 
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Figure 3.23 Schematic view of a single-beam UV detector. 
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Depending on the light source, the UV detector can operate from 190 nm and well 
into the visible area. The UV detector can be of various kinds, for example, filter 
photometric detectors, spectrophotometric detectors, and diode array detectors. 


3.6.1.1 Some Common Chromophores 

Most aromatics absorb around 240-260nm, in addition to a higher intensity 
absorption around 200nm. Aliphatics also absorb around 200nm, while alkenes 
absorb around 215nm. An additional conjugated double bond adds roughly 
15-30 nm to the highest wavelength, depending on the other substituents. Phenols 
absorb around 260-280 nm, occasionally above 300 nm. 


3.6.1.2 Choosing the Right Wavelength 
Even if the highest molar absorptivity is often found at a low wavelength, choosing a 
higher absorption maximum is generally better due to higher selectivity. Unwanted 
interferences from other compounds or from the mobile phase are always stronger 
at low wavelengths. 

The choice of mobile phase components is also more restricted at low wave- 
lengths. Solvent gradients cannot be performed at 200nm, and acetonitrile is 
preferred compared to methanol (Table 3.2). 


3.6.1.3 Flow Cells 
Some detectors are double beam instruments, containing a sample cell connected to 
the outlet from the column and a reference cell with standing mobile phase. Single 
beam instruments are without reference cell, utilizing an electronic reference. 
The size of the flow cell must be related to the size of the columns to avoid band 
broadening, in order to achieve maximum sensitivity. In order to maximize the 
sensitivity, z-cells or u-cells are used with narrow-bore columns, since the absorb- 
ance is proportional to the path length (Figure 3.24). 


Figure 3.24 UV detector U-cell with optical fibers. 


3.6 Detectors 


Another low-volume, high-sensitivity flow cell is the light-guided cell where the 
light is reflected internally. 

Detection limits (depending on the molecular structure) are in the low nanogram 
range of well-absorbing analytes or even in the high picogram range with optimized 
systems. 


3.6.1.4 Filter Photometric Detection 

Filter photometric detectors use light sources that emit light at a few distinct 
wavelengths. The main light source is the mercury lamp that emits light at 254, 313, 
365, 405, 436, and 546 nm. With a fluorescent coating, the lamp emits light also at 
280 nm. 

The 254nm (actually 253.6) wavelength is by far the mostly used, due to the 
absorbance maximum of many aromatics in this area. Next is the 280 nm, applicable 
for aromatics with higher conjugation or substituted with electron-donating groups. 
Phenols usually absorb in the 280-315 nm area. 

At wavelengths lower than 254nm, a zinc lamp emitting light at 214nm and a 
cadmium lamp emitting light at 229nm are used; however, at the lower wave- 
lengths, spectrophotometric detectors are usually preferred due to their higher 
flexibility. 


3.6.1.5 Spectrophotometric Detection 

The light source for the spectrophotometric detectors is either the deuterium lamp 
or the wolfram lamp. Selection of an appropriate wavelength is performed by a 
monochromator. 

The deuterium lamp can be used at/from 190nm into the visible part of the 
spectrum (about 600 nm). The wolfram lamp is used only for the visible sector (up to 
950 nm), and has a much lower price and a longer lifetime than the deuterium lamp. 

Unlike the filter photometric detector, which is limited to one or a few wave- 
lengths, the spectrophotometers can choose the wavelength that is closest to an 
absorption maximum of the analyte(s) in order to obtain the highest sensitivity. 


Info-box 3.18 


Equipped with a high-speed scanning device, spectrophotometric detectors have 


the added ability of multiwavelength monitoring. High-speed scanning detectors 
can then compete with diode array detectors. 


3.6.1.6 Diode Array Detectors 

In the conventional diode array detector (DAD), white light from the lamp that 
passes through the sample is split into different wavelengths by a holographic 
grating and measured in the focal plane by an array of several hundred photodiodes 
(Figure 3.25). Thus, while the other detectors pass monochromatic light or a minor 
part of the spectrum through the sample, the DADs use polychromatic light, 
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Figure 3.25 Schematic view of a diode array detector. 


measuring at many wavelengths simultaneously. Normally, the DAD is a double 
beam instrument (not shown). 
Since this creates large amounts of data, computers are required for handling DADs. 
The purity of a peak can be examined by measuring different parts of the peak at 
different wavelengths simultaneously. If the relative absorbances are different, the 
peak is not pure, but is caused by the presence of more than one compound. 
The diode array detectors can supply information in 3D contour plots, with 
absorbance as a function of both time and wavelength (Figure 3.26). 


Figure 3.26 Three-dimensional contour plot from diode array detection. 


3.6 Detectors 


3.6.2 
Mass Spectrometric Detection 


As mentioned earlier, mass spectrometers coupled to HPLC (the combination is 
commonly abbreviated as LC-MS) are becoming more and more common, owing to 
their increased robustness and increased automation and performance, as well as 
decreasing costs of the simplest instruments. Usually most compounds are deter- 
mined by mass spectrometry as long as they can be ionized and transferred to the 
gas phase. A general schematic representation of an LC-MS is shown in Figure 3.27. 

There are numerous ionization methods that allow formation of ions to carry out 
mass spectrometry, however, in this chapter we will only focus on those most 
common in LC-MS. The challenge in coupling HPLC to mass spectrometry is that 
the chromatography operates with liquids and under high pressure, while the 
detector operates under high vacuum. The device between the chromatograph and 
the mass spectrometer is called the interface. Here, ionization and transition from 
liquid to gas phase of the compounds occur. The development of the first commer- 
cial available interfaces started as early as in the 1970s. Since then numerous 
interfaces have been introduced. Table 3.6 shows a list of current interfaces and their 
acronyms. 

The mostly used interfaces in LC-MS are electrospray ionization, atmospheric 
pressure chemical ionization (APCI), atmospheric pressure photoionization (APPI), 
and inductively coupled plasma ionization (ICP). While ICP is mostly used in the 
determination of metals (for elemental analysis) and has its specific applications, 
ESI, APCI, and APPI are more related to ionization techniques with a wide range of 
applications. Choosing the suitable interface depends on the nature of the analytes. 
In general, polarity and size determine which of the three interfaces to choose 
(Figure 3.28). 


interface/ 
ion source 


HPLC system column mass spectrometer 


Figure 3.27 Representation of a typical LC-MS setup. 
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Table 3.6 Possible interfaces for MS detection. 


Interface/ion source Abbreviation LC-MS compatible 
Matrix-assisted laser desorption ionization MALDI +/- 

Atmospheric pressure electrospray ionization ESI + 

Atmospheric pressure chemical ionization APCI + 

Atmospheric pressure photoionization APPI + 

Inductively coupled plasma ICP + 

Direct analysis in real time DART - 

Desorption electrospray ionization DESI - 


3.6.2.1 Electrospray lonization 

ESI is carried out at atmospheric pressure and is used for compounds with polar 
groups (neutrals, acids, and bases). Neutral polar compounds either accept or donate 
protons under given conditions, yielding positive or negative ions either in the 
mobile phase or during the ESI process. The actual ionization process for acids and 
bases in ESI occurs in the mobile phase by pH adjustment. The basic compound 
lidocaine (Figure 3.29) is protonated, and thus positively charged, at pH 5.5, while 
the acidic compound salicylic acid (Figure 3.29) is negatively charged under these 
conditions. 

The ESI process is shown in Figure 3.30. The mobile phase containing the 
analytes enters a capillary where a high voltage is applied, typically +5 or —5 kV. At 
the outlet of the capillary, a nebulizing gas (mostly N2) is mixed to facilitate 
formation of droplets. In addition to the nebulizing gas, dry gas is introduced in 
the opposite direction of the flow. Droplets leaving the capillary are highly charged 
due to the accumulation of ions caused by high voltage. The highly charged droplets 
decrease in size moving toward the entrance of the mass spectrometer. When the 
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molecular mass 


nonpolar . polar 
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Figure 3.28 Choosing the right interface depends on the analyte size and polarity. 
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OH 


[M+H]* = 235 [M-H] = 137 
(a) (b) 


Figure 3.29 (a) Protonated lidocaine (and thus positively charged). (b) Deprotonated salicylic 
acid (and thus negatively charged). 


repulsive forces inside the drop exceed the surface tension, the droplet explodes in 
smaller droplets. This is a repetitive process resulting in yielding ions in the gas phase. 

Depending on the configuration, detection is performed in either the positive 
mode, detecting the protonated ions, or the negative mode, detecting the deprotonated 
ions. The detected ions are called molecular ions: [M+nH]"* for positive ions and 
[M—nH]"” for negative ions (M is the monoisotopic mass of the compound, H is 
the mass of the proton, and n is the number of protons accepted or donated). In most 
cases, n= 1, yielding a molecular ion with charge +1 or —1 (z=1). 


Info-box 3.19 


With a charge of +1 or —1, a molecule like lidocaine (Figure 3.29a) is measured at 
an m/z value of muy /Z= (234 + 1)/1= 235 and salicylic acid (Figure 3.29b) at 
the value of myy—Hy /Z= (138 — 1)/1= 137. 


Figure 3.30 Schematic representation of the electrospray ion source. 
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H+ H+ | Ht 
pyroGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-lle-Leu-OH 


Figure 3.31 Neurotensin consists of 13 amino acids, with 3 of them being positively charged 
(blue box). The mass of neurotensin is 1673, and adding three protons makes up a mass of 1676 
and will be detected like [M+ 3H]** = 558.7. 


In cases where more charges are involved, the measured m/z is obtained in the 
same way: the peptide neurotensin with a mass of approximately 1673 can be triply 
charged (three protons are added) and this yields an m/z value of (1673+ 3)/ 
3 = 558.7 (Figure 3.31). 

ES] is used at low flow rates (<50 ul min” '), even down to the nl min“ level. In 
the latter case, this is referred to as nanospray. The ionization rate increases with 
reduced flow, which is the reason for using narrow-bore columns with nanospray 
ionization. 


3.6.2.2 Atmospheric Pressure Chemical lonization 
APCI is more common to use in case of less polar compounds. Like in the ESI 
process, protons are accepted or donated. However, this is obtained via a different 
mechanism. Figure 3.32 shows a schematic representation of the APCI interface. 
The mobile phase enters the interface through a capillary, which is heated up to 
typically 400-500 °C. Under these conditions, all solvents and solutes are vaporized 
and at the outlet they are usually mixed with nitrogen gas. Through a high potential 
applied on a needle (corona discharge needle), a plasma of ions is created around 


N, -flow 
HPLC flow 


N, + e- —>N,* + 2e- 
N,* + 2N, >N,* +N, 
N,* + H,O —>2N, + H,O* 
H,O* + H,0__.H,0* + OH- 


H,O*+M =O + [M+H]* 


OH: +M —H,0 + [M-H}- heat retainer 
_—_ 


ionization process 


corona needle 


@ unionized 
e@ ionized 


Figure 3.32 A cascade of reactions caused by ionization of nitrogen at the corona needle 
produces both positively and negatively charged molecular ions in APCI. 
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Figure 3.33 Protonated testosterone gives rise to m/z 289 (=[M+ H]") in the mass spectrum. 
m/z 290 and 291 are isotopes. 


this needle. This causes ionization, under atmospheric pressure, of gas molecules 
like N2 to form N,**. After a series of reactions, H;0* and OH’ are produced, which 
in their turn protonate/deprotonate the substances to form [M+ H]* and [M— H], 
respectively. 


Info-box 3.20 


With APCI, the sensitivity is related to the mass flow, not to the concentration. 


With some instruments, APCI can be used for flow rates up to 2 ml min '. Thus, 
unlike with ESI, there is little to gain from using narrow-bore columns. 


Figure 3.33 shows a mass spectrum of nonpolar testosterone measured using an 
APCI interface. As can be seen from the figure, this steroid does not contain basic or 
acidic functional groups and cannot be ionized by ESI. 


3.6.2.3 Atmospheric Pressure Photoionization 

APPI is very similar to APCI and is also used for mainly nonpolar compounds. 
Figure 3.34 shows that sample introduction occurs similar to the APCI: mobile 
phase and solutes are vaporized at high temperature (500°C). Photons produced by 
a UV lamp cause ionization through energy transfer in different ways: the molecule 
is ionized directly yielding a radical cation, which in its turn obtains hydrogen from 
the solvent (e.g., methanol, water, and acetonitrile). To increase ionization efficiency, 
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Figure 3.34 Photoionization using UV light (hv) of the analyte, either via the solvent (S) or via a 
dopant (D). 


often the so-called dopant molecules (like toluene) are used. These are ionized by the 
high-energy UV source to radical cations, which in turn produce [M+ H]*. 


3.6.2.4 Inductively Coupled Plasma Ionization 
Inductively coupled plasma (ICP) is an ion source that is used in elemental (metal) 
analysis. Typical applications can be, among others, toxicological analysis (revealing 
metal poisoning) and environmental analysis (revealing metal pollution). 

As shown in Figure 3.35, the so-called ICP torch consists of three tubes and 
functions as follows. Argon gas flows with 10-20 1 min™' into the ICP torch. 


Ar flow (+1 I/min) coil plasma 


i 


Ar flow 
(+1 l/min) 
Ar flow (+10 I/min) 


Figure 3.35 The high velocity of electrons (initiated by a spark) caused by a frequency of 
30-40 MHz of the coil causes argon gas to ionize. In this way, a plasma at high temperature is 
created. 
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Through a spark, electrons are generated and accelerated within the coil. The 
acceleration is caused by a high-frequency oscillating field, through a radio fre- 
quency (RF) current in the coil. Collision of the high-velocity electrons with argon 
forces ionization and production of an electron (Ar— Ar‘ +e ). This process 
creates heat with a typical temperature of the plasma of approximately 10000 K. 
At this temperature, sample molecules enter the gas phase and are atomized. The 
atoms are ionized simply through the loss of an electron, producing singly positive 
charged species. The outer part of the plasma is cooled by an extra Ar flow to prevent 
the tube from melting. 

Since the nature of the ICP is such that analytes are atomized and ionized, typical 
spectra consist of only the single elements (metals). Examples of metals that can be 
determined by ICP-MS are Ag, As, Au, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Li, Mg, 
Mn, Mo, P, Pb, Rb, Sb, Se, Sn, Ti, U, W, and Zn. The detected m/z value in the mass 
spectrum corresponds to the isotope masses of the elements, and can be used as 
such for qualitative purposes, while the intensity is related to the concentration. 
Detection limits vary from parts per trillion to parts per billion. 


3.6.2.5 Mass Analysis 

After the analytes are ionized, they enter the mass spectrometer through a series of 
lenses and skimmers. These lenses and skimmers cause focusing of the ion beam. 
In addition to this, they also divide the mass spectrometer into several compart- 
ments. For each compartment closer to the analyzer, the pressure drops. The 
vacuum is created gradually throughout the system. Vacuum is essential for 
mass spectrometry: the presence of air (gas molecules) hampers the ions to fly 
toward the analyzer. Performance of the mass analyzers can be summarized with the 
following parameters: 


© Mass resolution (R) describes the ability to separate m/z values from each other. 
The higher the value for R, the better the separation of closely related m/z values. 

© Mass accuracy (E) describes the difference between the measured m/z value and 
the theoretical m/z value. The lower the value for E, the more correct the 
measured m/z value. 

© Scan speed is often given in hertz. It is the peak width that determines how low the 
scan speed can be, since there is a need for at least 12-15 data points per peak. 
This implies that narrow peaks (e.g., in UHPLC separations) need high scan 
speed mass spectrometers. 

© Sensitivity is determined by the signal-to-noise ratio. When mass spectrometers 
are operated in the so-called SIM or MRM mode, sensitivity can be at the 
femtogram level. 


There are several mass analyzers. In the following sections, the most common 
ones are being described with their functioning principles. 


3.6.2.6 The Quadrupole Mass Analyzers 
In a quadrupole mass analyzer, ions enter an oscillating electric field that is created 
by four identical rods placed parallel to each other. Both opposite pairs of rods are 
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(U-V cosa t) 
detector : 
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Figure 3.36 (a) lons move from the source quadrupoles. (b) x/y view of the quadrupole. 
toward the detector in the z-direction. Only the The electrical field applied is composed of a DC 
stable oscillating ions will reach the detector. component (U) and a RF component 
Unstable ions will collide with one of the (Vcos at). 


connected electrically. By applying both a certain direct current (DC) and a RF on one 
of the pairs (U-Vcos wt) and the opposite DC and RF on the other pair —(U- 
Vcos ot), an oscillating electrical field is created. When ions enter this field in the z- 
direction (Figure 3.36), they start to oscillate in the x- and y-directions. 

When the ions have an unstable trajectory, they collide with one of the quadru- 
poles and will not be detected. When they have a stable trajectory, they do not collide 
with the quadrupole and will be detected. Only specific m/z values are able to pass the 
quadrupole when certain DC and RF values are applied. In this way, by varying DC and 
RF values in a controlled way, whole mass spectra can be obtained. Quadrupole MS has 
unit resolution (R < 1000), moderate accuracy (E> 100 ppm) at a high scan speed, 
and, when operated in the most sensitive way, picogram sensitivity. 


3.6.2.7. The lon Trap Analyzers 
As with the quadrupole, mass separation in the ion trap is based on stability of the 
ions in an oscillating electrical field. The ion trap consists of a ring electrode and two 
endcap electrodes on which AC and DC voltages are applied (Figure 3.37). Ions enter 
the ion trap through a hole in one of the endcap electrodes, are cooled down by 
helium present at low pressures, and are trapped in the electrical field. 

After this trapping process, ions are measured by changing the voltages applied. 
Changing the voltages makes the ions to leave the trap (light ones first, heavy ones 
last) and allows detection. 


3.6.2.8 The Time-of-Flight Analyzers 

Time-of-flight (ToF) mass spectrometers base their ion separation on the flight-time 
of ions in a field-free drift tube. Ions enter the ToF between two plates, a pulsed 
source (Figure 3.38a) with a large potential difference (not to be confused with the 
ion source) accelerates the ions. 


source 
ions in 


| 


endcap electrode 


ring electrode 


endcap electrode | 
detection 
ions out 


(a) 


3.6 Detectors |” 


NP 


as 


ions enter the ion trap 


( 
\ 


C) 
-@ 
ose 
e 
C_) 
— 
(2) 
w 


\ 
J 


ions are trappe 


Ss 


aN 


\ 


ions are detected 


Figure 3.37 (a)The ion trap consists of a ring-electrode and two endcap electrodes. (b—d) lons 
enter the ion trap and are cooled down by He (white dots). After the ions are trapped, they are 
scanned out of the ion trap, and light ions leave the trap before the heavier ones. 


Pulses of high potential difference give the ions similar kinetic energy moving 
toward the drift tube. As the ions enter the field-free drift tube, only kinetic energy 
determines their movement. Their velocity is inversely proportional to their m/z 
value: heavy ions have a longer flight-time than the light ones. The geometry of the 
ToF determines their resolution. ToF analyzers with a single drift tube often have 
unit resolution (Figure 3.38a), while reflectron ToF analyzers (Figure 3.38b) have two 
drift tubes with a much better resolution (up to 50 000). 


3.6.2.9 The FTMS Analyzers 

Although still expensive, mass spectrometers with Fourier transform (FT) data 
acquisition are becoming more and more common. Both FT ion cyclotron reso- 
nance (FTICR) and FT Orbitrap mass spectrometers base their mass separation on 
measuring the weak electrical pulses generated by their movement under high 
vacuum in a closed system. Every m/z value generates a specific frequency. The 
lower the frequency measured, the higher the m/z value. Since there are usually 
several ions present during the measurement, complex frequencies are measured, 
composed out of several frequencies. A Fourier transform (Figure 3.39) of the data is 
needed to be able to find the individual frequencies of which the signal is made up 
of, thus enabling us to find the m/z values. 
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Figure 3.38 (a) Linear time-of-flight mass with the m/z value. (b) In a reflectron ToF mass 
analyzer. Heavy ions (@) travel slower than analyzer, all ions are deflected by a reflectron to 


lighter ions (@). The velocity ofthe ions thattravel reach higher resolution and mass accuracy by a 
through the field-free flight tube thus correlates longer flight path. 


FTMS is associated with very high mass resolution and mass accuracy. FT 
Orbitrap instruments generate resolutions up to 200 000, while FTICR instruments 
can generate resolution above 1000 000. 


3.6.2.10 Fragmentation in Mass Spectrometry 

In the mass analyzers described, usually the molecular ion ([M+nH]"*) is meas- 
ured. Although this allows specific detection, there are numerous cases where 
fragmentation is needed either to provide more information or to allow lower 
detection limits. Fragmentation in LC-MS is usually carried out via collision- 
induced dissociation (CID). The general principle is as follows: 

In step 1, the ion of interest is selected. In step 2, this ion is caused to collide with 
gas molecules present, and when the impact is high enough, the molecular ion will 
fragment. These fragments are then detected in step 3. 

There are several ways to perform fragmentation depending on the geometry of 
the mass spectrometer. Examples of such systems are triple quadrupole MS, ion 
trap, ion trap—IoF, ToF-ToF, ion trap—Orbitrap, and quadrupole—Orbitrap. It is 
considered to be beyond the scope of this book to describe fragmentation in 
more detail. 
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Figure 3.39 (a) Electrical signal measured in ICR or Orbitrap mass analyzer. (b) Signal is 
decomposed in all the frequencies it is built up from. (c) Separate frequencies of three masses 
where m/z3 < m/z2 < m/z), 
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e UV or fluorescence can also be integrated in a LC-MS setup. In such cases the 
UV or fluorescence detector needs to be placed before the MS detector or the 
flow needs to be split: one line for MS detection and one line for UV/ 
fluorescence detection. 


Not all LC-MS applications need expensive high-resolution mass spectrom- 
eters. Quantitative analysis at nanogram levels can be carried out by relatively 
inexpensive single quadrupole instruments. 


There are more ways to perform fragmentation. CID is until now the most used 
one. 


3.6.3 
Fluorescence Detection 


The fluorescence detector is used for naturally fluorescent compounds or com- 
pounds that have been derivatized to compounds that emit fluorescent light. 

The analytes in the sample cell are excited by light at their absorption maxi- 
mum, bringing the molecules to a short-lived higher energy level. By returning to 
the ground state, energy is released partly as vibration energy and partly as emitted 
light. Since part of the energy is lost as vibration energy, the wavelength of the 
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Figure 3.40 Principle of fluorescence. 


emitted light is longer than the wavelength of the excitation light (E=hyv) 
(Figure 3.40). 

There are different constructions of fluorescence detectors, filter fluorimeters, 
and spectrofluorimeters with different light sources, the most common one is the 
deuterium lamp. 

The emitted light is usually measured at a 90° angle to the exciting light, as 
illustrated in Figure 3.41. 


Figure 3.41 Fluorescence detection with optical fibers. 
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The fluorescence intensity is given by 
F = k®Ioebc, (3.9) 


where ® is quantum yield (the number of photons emitted versus the number of 
photons excited), Ip is the intensity of the excitation light, ¢ is the molar absorptivity, 
b is the length of light path, and c is the concentration. 
Quantum yields vary between 0 and 1, for strongly fluorescent compounds above 
0.5. Dissolved oxygen (in the mobile phase) may reduce the quantum yield. 
Detection limits (depending on the molecular structure, the light source, and the 
column size) are in the picogram—femtogram range. 


Info-box 3.22 


Fluorescent compounds often contain condensed aromatic rings with electro- 
donating substituents, such as polycyclic aromatic hydrocarbons (PAHs). Rigid 
structures give better signals than flexible structures, since the latter lose more 


energy as vibration energy. 


3.6.3.1 Filter Fluorimeters 

In the filter fluorimeters, the excitation light is passed through a (interference) filter 
of a suitable bandwidth. With a band-pass filter, the intensity of emitted light that 
passes through a specified wavelength is measured. 

Since the fluorescence is a factor of the intensity of the excitation light, lasers that 
are the light sources of highest intensity are preferred. However, since low-wave- 
length lasers are very expensive, the mostly used lasers are diode lasers at high 
wavelength, for small flow cells. 


3.6.3.2 Spectrofluorimeters 

In the spectrofluorimeters, a monochromator selects the excitation wavelength 
from the band spectrum of either a xenon lamp or a deuterium lamp. Some 
instruments use a band-pass filter and others a second monochromator on the 
emission side. The deuterium lamp gives better signal at the lowest wavelengths 
(190-400 nm), while the xenon lamp can also be used in the visible region 
(200-850 nm). 


3.6.3.3 Chemiluminescence Detection 

A chemical reaction that can excite a fluorescent molecule is an alternative to 
excitation by light. This usually takes place in a postcolumn reactor where the 
column eluent is combined with the chemicals needed for the chemiluminescence. 
Only a few examples of chemiluminesence are in practical use. 
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Info-box 3.23 


More information on applications of luminescence can be found in Ref. [7]. 


3.6.4 
Electrochemical Detection 


An electrochemical detector provides a signal from a compound that can be oxidized 
or reduced electrochemically. Phenols are the most common electroactive com- 
pounds (oxidation), with catecholamines as the most common analytes. 

There are different types of electrochemical detectors, the most common being 
based on amperometric or coulometric detection. 

Electrochemical detection requires salts in the mobile phase in order to be able to 
conduct electrical current. 


3.6.4.1 Amperometric Detection 
The detector usually consists of a three-electrode system: working electrode, 
reference electrode, and the auxiliary (counter) electrode (Figure 3.42). The 
working electrode is usually made from glassy carbon. The reference electrode 
can be a salt bridge silver/silver chloride electrode, but at high pH, another solid- 
state reference electrode is needed. The auxiliary electrode is usually just the steel 
outlet tubing. 

Current (in amperes) is a function of the applied electric potential (0-2 V). With an 
electroactive compound, the current increases strongly at the half-wave potential 
(Figure 3.43). The current is proportional to the concentration of the compound(s). 
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Figure 3.42 Three-electrode amperometric detector. 
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Info-box 3.24 


Background noise is a problem in electrochemical detection, mainly in the 
reduction mode. Dissolved oxygen must be removed by both bubbling helium 


through the mobile phase and using steel connections, and trace metals may also 
give a background. 
In the oxidation mode, there are less problems with noise. 


The working electrode will gradually become “poisoned” and thereby needs 
frequent cleaning, depending on the sample quality. Glassy carbon electrodes 
need mechanical cleaning. 

The flow cells are small, convenient for narrow-bore columns. The working 
potential is from 0 to +2 V. 

The amperometric detection uses less than 10% of the analyte in the flow cell, 
unlike the coulometric detector, and can be operated in a pulsed mode (cyclic 
voltammetry, with a gold working electrode) in addition to the constant potential 
mode. The pulsed mode helps cleaning the working electrode. 

Gradient elution cannot be used. 

Detection limits (depending on the electroactive properties) are in the picogram 
range. 


3.6.4.2 Coulometric Detector 

The coulometric detector measures current x time (coulomb), usually with a three- 
electrode system. It not only utilizes a larger surface area in the working electrode, 
consuming all the analyte, but also generates more noise. The detection limits are, 
therefore, not necessarily much better with the coulometric detector, but the stability 
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Figure 3.43 Current as a function of electric potential. The half-wave potential is the middle point 
between the rest current and the limiting current. 
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Figure 3.44 Coulometric detection with two cells. 


is better. Due to the rather large flow cells, the detector is mostly used with 
conventional size columns. With two flow cells, the first cell is used for eliminating 
background noise from the mobile phase and the sample (Figure 3.44). The 
coulometric detector has the advantage of being the only electrochemical detector 
that can be used with gradient elution. 


3.6.5 
Light Scattering Detection 


In the light scattering detector [the evaporative light scattering detector) (ELSD)], the 
column eluent is nebulized with a gas to a fine mist of droplets, an aerosol 
(Figure 3.45). On the way through a heated drift tube, the drops are concentrated 
until hit by a light beam. The amount of scattered light is measured. 

The amount of scattered light A is a function of the mass: 


A=am’, (3.10) 


where a and b are constants and m is the analyte mass, which must be >200. 
Within a limited range, there is a linear relationship between log A and log M. 
Gradient elution is possible, but the size of the droplets may change, affecting the 
response. 
Detection limits are in the range of 0.1-10ng of nonvolatile analytes. The light 
scattering detector is often the choice for analytes without chromophores (Figure 3.46). 


3.6.6 
Refractive Index Detection 


The RI detector was one of the first HPLC detectors, measuring the refraction of 
light in a flow cell compared to a reference cell (Figure 3.47). There are three different 
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Figure 3.45 Evaporative light scattering detector. 


types: the deflection refractometer, the Fresnel diffractometer, and the interferometric 
refractometer. The main application area used to be for analytes without UV absorb- 
ance, but today the light scattering detector (or the mass spectrometer) is more widely 
used. The reason is the limited sensitivity (0.1-10ug), the need for stringent 
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Figure 3.46 Separation of polyethylene glycols (PEG 1000) with light scattering detection. (From 
Ref. [13], with permission.) 
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Figure 3.47 Refractive index detector (based on deflection of light beams). 


temperature control, and the lack of gradient elution capability. For preparative large- 
scale separations, the RI detector can be useful. 


3.6.7 
Other Detectors 


3.6.7.1 The Conductivity Detector 
This detector is used with ion chromatography only. The conductivity in the flow cell 
is measured by a Wheatstone bridge coupling, with pulsed techniques to avoid 
formation of electrical double layers at the electrodes. 

Stringent temperature control is required. 


3.6.7.2 The Corona Discharge Detector 
In the newly developed corona discharge detector (or corona charged aerosol detector), 
the solvent from the column is nebulized with nitrogen to form droplets that are dried 
to particles, which are then charged with positively charged nitrogen and transferred to 
a collector with an electrometer measuring the transferred charge. 

Nonvolatile or semivolatile analytes are measured in the low nanogram range. The 
properties are similar to the light scattering detector, but the linear range is larger. 


3.6.7.3. Radioactivity Detectors 

These detectors are used for detecting low-energy f-emitters such as *H, '*C, *°S, 
and *’P or high-energy emitters such as '*'I or '*’Sb. The low-energy emitters are 
used for studying metabolism or degradation of labeled compounds in vivo or 
in vitro, while the high-energy emitters are used in nuclear medicine. With liquid 
scintillators (such as toluene) that are added postcolumn, the scintillator is excited by 
the B-particles and the emitted fluorescent light is measured. An alternative is to use 
solid scintillators (part of the flow cell). Handling of radioactive materials requires 
special handling and laboratories. 


3.7 Increased Performance 


3.6.7.4 lon Mobility Spectrometry 

In an electric field, gas phase ions move at different speed, depending on the size 
and structure. In a commercial instrument, the ion mobility principle has been 
included in a Q-ToF mass spectrometer for obtaining high-resolution mass spec- 
trometry (up to 40000 mass resolution). So far, no freestanding ion mobility 
detectors are commercially available. 


3.6.7.5 Chemiluminescent Nitrogen Detector 

This is an element-specific detector for nitrogen-containing analytes. The column 

effluent is nebulized and pyrolyzed at 1050 °C in the presence of oxygen. N-containing 

compounds are oxidized to nitric oxide and then converted to nitrogen dioxide in an 

excited state after reaction with ozone. The unstable excited NO ,° returns to the 

ground state with the release of a photon that is detected by a photometer. 
N-containing solvents, such as acetonitrile, cannot be used. 


3.6.7.6 Chirality Detection 

Detection based on differences in chirality makes use of polarimetry or circular 
dichroism. A racemic mixture that has been separated in a chiral column will then 
be seen as two peaks, opposite in sign but equal in magnitude. The sensitivity of 
chiral detectors is not very high: 1-10 ng. 


3.7 
Increased Performance 


3.7.1 
Speed 


Higher speed and shorter analysis time can be obtained by a combination of smaller 
particles or core-shell particles, shorter columns, and increased temperature. 


3.7.2 
Efficiency 


Higher column efficiency can be obtained by longer/coupled columns, by smaller 
particles, and often by increased temperature. 


3.7.3 
Resolution 


Higher resolution can be obtained by longer/coupled columns. Smaller particles 
have limited effect on the resolution. 


3.7.4 
Detection 


Narrow-bore columns increase sensitivity with concentration-sensitive detectors. 
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3.7.5 
Column Lifetime 


Protecting the columns with guard columns increases the lifetime. 
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4 
Thin Layer Chromatography (TLC) 


4.1 
Introduction 


Thin layer chromatography (TLC) is a form of liquid chromatography where the 
stationary phase is a thin layer of chromatographic material on a flat support of glass, 
metal, or plastic plate. It is the simplest and most inexpensive type of chromatogra- 
phy since it does not involve much instrumentation and one can separate several 
samples (up to 50-70!) in one single run. TLC, together with paper chromatography, 
is a form of planar chromatography. In 1951 conventional TLC was introduced, and 
in 1975 the first high-performance TLC (HPTLC) became available. Compared to 
conventional TLC, HPTLC provides lower detection limits, gives better efficiency, 
and shorter analysis time, due to smaller and more uniform particles of the 
stationary phase. Throughout this chapter, both HPTLC and TLC will be referred 
to as TLC, unless it is important to make the difference. TLC is an off-line process 
where almost all steps, from sample application, elution, development, to detection, 
are performed separately. Some of these steps can be automated and depending on 
the precision in these steps, the outcome of a TLC run can be from simple qualitative 
to quantitative. The latter needs instrumental sample application and detection. 
After separation, the compounds are detected (visually or after development) as 
spots or bands on the plate. 


4.2 
Sample Application 


Usually samples can be applied on TLC plates without extensive pretreatment, if any 
at all. The sample is dissolved in an appropriate solvent, which needs to be volatile. A 
small volume (typically between 1 and 5 ul) is applied as a spot or band, preferably in 
repetitive steps, when applying the sample manually. This should result in spots 
with diameter between 2 and 4mm for conventional TLC and below 1mm for 
HPTLC. To avoid damage of the stationary phase, the sample applicator should 
preferably not be in contact with the TLC plate. It is of importance that the size of the 
spot/band is minimized during sample application; the larger the initial size, the 
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broader the spots at the end. Besides that the solvent should be volatile, it should also 
be able to wet the plate to ensure good contact between the sample and the stationary 
phase. It is also important that the solvent should have little or no elution strength in 
order to minimize band broadening. When removing the solvent through evapo- 
ration, sometimes increased temperature is needed. This might decompose ther- 
molabile compounds. 

Depending on the goal of the analysis, manual application or automated applica- 
tion can be performed. Manual application can be carried out using a capillary or a 
microsyringe. This allows qualitative and semiquantitative TLC. 

For quantitative TLC, automated sample application is necessary. There are 
several commercially available systems that can apply sample as both spots and 
bands in a repeatable way. The way the sample is applied varies from simply placing 
the tip of a filled capillary in a gentle way on the stationary phase to spray application. 


4.3 
Stationary Phases 


4.3.1 
TLC versus HPTLC 


As mentioned in Section 4.1, the stationary phase is applied on a plate of glass, 
plastic, or metal. In case of conventional TLC, this plate usually has a dimension of 
20cm x 20cm or 10cm x 20cm with a stationary phase layer thickness of approxi- 
mately 250m and a particle size between 10 and 30 um. Development distance is 
ideally between 10 and 12 cm and takes time from 30 to 200 min. Although this can 
be longer, separation efficiency reduces with increasing development time caused by 
increased diffusion. Detection limits depend on the detection (Section 4.7), but can 
be down to 50 pg. To increase the mechanical strength, binders are added to the 
stationary phase. Examples of these are calcium sulfate (stationary phases are 
designated with “G” as in silica gel G), carboxymethyl cellulose, starch, and polyvinyl 
alcohol. Calcium sulfate is advantageous as binder, since the interesting spots on the 
stationary phase can be easily scraped off after elution. 

Compared to TLC, HPTLC has a stationary phase with a smaller particle size 
(<10 um) and a lower layer thickness (100-200 um). This causes less band broad- 
ening and thus produces more narrow bands/spots. To obtain good chromatogra- 
phy, HPTLC plates can have preconcentration zones. These zones are the part of the 
plate with a low/no retarding stationary phase (2-3cm). The rest of the plate 
contains the stationary phase of interest. When the elution starts, the compounds 
elute in the preconcentration zone without any retention, and the moment the 
compounds “meet” the real stationary phase, they get focused, thus yielding much 
smaller spots/narrower bands. 

HPTLC plates are 10cm x 10cm or 10cm x 20cm in size. Development distance 
is ideally between 3 and 7 cm (but can be longer), taking 3-20 min. Detection limits 
can be as low as 5 pg. 


4.4 Mobile Phases 


Ultrathin TLC (UTLC) is one of the later developments in TLC leading to 
better detection limits and faster analyses. UTLC is based on a thin monolithic 
layer (~10um) of silica as stationary phase and allows reduction of the 
sample size. 


4.3.2 
Adsorbents 


Separation can be achieved using different types of stationary phases. Most used is 
silica, which is an example of a polar, acidic stationary phase. Both silanol and 
siloxane groups can separate compounds on the basis of hydrogen binding, dipole— 
dipole interactions, and dispersion interactions. Charge interactions between the 
negatively charged silanol groups and positively charged bases are unwanted and 
very strong. It is of importance that silica plates are activated. The plates activity is 
related to the water content on the plate: the lower the water content, the higher the 
activity. This can be ensured by keeping the plates in a dry place (desiccator) or by 
heating them for 30-60 min at 70-80 °C. 

Typical applications where silica TLC is used are separations of nonpolar com- 
pounds such as pesticides and lipids and in the field of organic chemistry for 
synthesis control. 

Other examples of adsorbents are alumina (acidic, neutral, and basic), magne- 
sium oxide, magnesium silicate (Florisil), cellulose (polymer of p-glucopyranose 
units), and polyamide (polymer of [NH—(CH2),.—NH—CO—(CH)2),—C],). These 
adsorbents are, as with silica, mainly used for normal-phase TLC, while the use of 
cellulose is better described by a partitioning mechanism. 


4.3.3 
Chemically Bonded Phases 


Most used reversed-phase stationary phases are based on covalently bound phenyl, 
C2, C8, and C18 to silica. Interactions between the stationary phase and the analytes 
are based on hydrophobic interactions (Section 3.5.2). The nature of these hydro- 
phobic phases can contribute to insufficient wetting by both mobile phase and 
sample solvent. 

Examples of hydrophilic bonded phases are NHg, diol, and CN. Using these 
stationary phases, separations are achieved on the basis of normal-phase interac- 
tions. These bonded phases can also be used in the reversed-phase mode, depending 
on the mobile phase composition. 


4.4 
Mobile Phases 


In contrast to HPLC, there are little limitations when it comes to choice of the mobile 
phase. The mobile phase components must however be volatile such that they can 
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easily be removed from the TLC plate previous to detection and they must also be 
miscible. Since the TLC plates are only used once, the stability of the silica-based 
stationary phases with concern to the pH is not an issue. Selection of the mobile 
phase is as described in Chapter 3. Typical mobile phases for normal-phase 
development are composed of two-five solvents such as diethyl ether, isopropanol, 
THF, acetic acid, dichloromethane, dioxane, toluene, and chloroform. These 
solvents represent the selectivity groups in Snyder’s solvent selection. 

For reversed-phase development, mixtures of water, buffer components, acetoni- 
trile, methanol, and THF are common. 


4.5 
Elution and Development 


TLC separations can be carried out based on several modes. The following are the 
most used modes. 


4.5.1 
Vertical Linear Development 


Vertical linear development or ascending development is still the most common way to 
carry out TLC. In this type of development, samples and standards are applied on the 
lower part of the plate, which is subsequently placed in a closed chamber containing 
a certain amount of mobile phase. 

Capillary forces allow the mobile phase to be drawn up toward the top of the plate. 
After the mobile phase passes the sample line, the typical chromatographic process 
— distribution between stationary phase and mobile phase -— starts. The elution 
comes to an end the moment the mobile phase front is close to the upper side of the 
plate. During this process, not only capillary forces play an important role but also 
the evaporation of the mobile phase on the plate’s surface has effect on the 
separation. Although not necessary in all cases, it contributes to better repeatability 
when the chamber is saturated with mobile phase vapor. Saturation is obtained by 
placing a paper with the mobile phase at the inside of the chamber. After 15—20 min, 
gas-liquid equilibrium is obtained. 

The solvent tank used in Figure 4.1 is a typical N-chamber. One of the disadvantages 
is that it needs large volumes of mobile phase. Another type of TLC chamber is the 
S-chamber (sandwich chamber). The chamber is made from two plates clamped 
together with spacers in between to obtain some open space. The plates can be two TLC 
plates (both facing inward) or a TLC plate (also facing inward) and a glass plate. The 
whole chamber is placed in a small solvent tank (Figure 4.2). The advantages of using 
an S-chamber are the low consumption of solvent and the good repeatability. 

In some cases, continuous elution can be beneficial. In this case, the upper part of 
the plate is outside the chamber causing the mobile phase to evaporate at the top, 
allowing the elution to continue based on the capillary forces. Continuous elution is 
performed for analytes with low migration rates. 


4.5 Elution and Development 


solvent tank - 


TLC plate 


applied sample) ————:°«: eee 
solvent =a ae 


(a) (b) 


Figure 4.1 Vertical development TLC. (a) Four sample spots are applied on the TLC plate and the 
plate is placed in the solvent tank. (b) Through capillary forces the solvent has been drawn up and 
the compounds in the samples have been separated (time 20 min). 


4.5.2 
Horizontal Development 


The chromatographic plate with samples applied is placed facing downward onto 
spacers. Only a small part of the plate is in contact with the mobile phase through 
small capillary slits in the spacer (Figure 4.3). 

Capillary forces move the mobile phase toward the middle of the plate. There 
are several commercially available systems that are based on this principle. The 
main advantage is that the plate can be used for many more samples: samples can 
be applied on both top and bottom of the plate. The development is finished as 
the mobile phase (from the left and the right) has almost reached the middle of 
the plate. 


—— ——— glass plate 


a 


*————spacer 
TLC plate facing inside 


. 5 |. 


Figure 4.2 S-chamber. A glass plate and a TLC plate with the stationary phase facing inward (and 
samples applied) are clamped together as a sandwich and placed in a small solvent tank. 
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TLC plate facing inside 
capillary slit 


solvent front 


strip 


solvent tank spacer glass plate 


Figure 4.3. Horizontal development TLC. A TLC plate with samples applied is placed facing 
downward on spacers containing capillary slits. Capillary forces make the mobile phase to go from 
the solvent tank to these slits. The same forces then cause elution. 


4.5.3 
Two-Dimensional Development 


Complex samples that are not completely separated with the conventional vertical 
development can be subjected to two-dimensional TLC. In this case, only one 
sample is applied at one of the lower corners of the rectangular plate. In the first 
dimension, the plate is vertically developed and the mobile phase is removed by 
evaporation. Following this, the plate is rotated 90° such that the separated sample 
forms a new sample line at the bottom of the plate. The second dimension is carried 
out using vertical development with a second (different) mobile phase. Although 
more complex samples can be separated using this mode of TLC, it is not possible to 
run more than one sample at a time (Figure 4.4). 


(a) (b) (c) 


sample application point 
solvent X solvent Y solvent Y 
Figure 4.4 Two-dimensional development. tank with solvent Y. (b) The separated sample 
One sample is applied in the lower left corner of serves now as the new starting line for the 
the TLC plate. (a) After separation, using following elution. (c) The elution is finished and 
solvent X, the plate is dried, turned 90° the sample is maximally separated. 


counterclockwise, and placed in a new solvent 


4.6 Rp Value 


4.5.4 
Gradient Development 


During gradient elution, the plate is vertically developed with a certain mobile phase. 
Capillary forces cause mobile phase flow. After the elution is completed, the plate is 
removed from the chamber and the mobile phase evaporates. After this, the plate is 
placed in a new chamber with a mobile phase having a different elution strength. 
These steps can be repeated several times and can also be automated. Gradient 
elution is typically used in those cases where the range of polarity between the 
analytes is large. 


4.5.5 
Overpressured Layer Chromatography (OPLC) 


In the case of OPLC, not the capillary forces but the pressure causes mobile phase 
flow. In this mode, a flexible membrane is pressed (using external pressure) against 
the surface of the TLC plate. The mobile phase is pumped through the space 
between the membrane and the TLC plate. The flow is forced through this layer 
either mechanically using a pump or by centrifugal forces using a rotator where the 
mobile phase is moved from the center toward the outside. Some advantages of 
OPLC are shorter analysis time, constant and controllable flow of mobile phase, 
absence of gas-liquid equilibrium, and less band diffusion (which results in better 
efficiency and thus lower detection limits). 


4.6 
Ry Value 


In TLC, the movement of a compound is described using the retardation factor Rep. 
The Re of a compound is described as the distance the compound is eluted 
(Lcompouna), divided by the distance from the application line to the mobile phase 
front (Lmobile phase) (Figure 4.5). 


Front: <— secant 


sample application line«——\ 


Figure 4.5 The distances from sample application line to the sample spot and to the solvent 
front are used to calculate the Rr value. 
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The larger the value for Rg, the lower the interaction between the compound and 
the stationary phase. Rr values range from 0 (no elution) to 1 (no affinity) and the 
value for R¢ is specific for a compound when the chromatographic conditions are 
kept constant (same mobile phase, same plate). 

The relationships between the Rr value and the retention factor (k) and between 
the Rr value and the efficiency (N) are given by 


k=1—Ry/R,, 


2 
L mobile me 
TT + 


N=16x (R D 
s 


where D, corresponds to the diameter of the chromatographic spot after elution. The 
efficiency of the process in capillary-driven development depends on the length that 
the compound has migrated: the higher this value, the lower the efficiency. This is 
mainly caused by diffusion of the compound. In pressurized systems, the efficiency 
is almost independent of the migration length of the compound. 


4.7 
Detection 


After development, the mobile phase is removed through evaporation. The sepa- 
rated compounds can be detected by the eye either by their (natural) color or by the 
fluorescence (after irradiation with UV). Comparing the size and intensity of spots 
of the sample with the size and intensity of spots of standards, a good estimate of the 
concentration can be made. 

When compounds have UV absorbing properties (either naturally or after 
derivatization), TLC plates impregnated with a fluorescent substance can provide 
detection. These stationary phases are designated with “F 54” (as in silica gel GF 25,4), 
meaning that these plates have fluorescent properties when irradiated with an UV 
lamp at 254nm. UV absorbing compounds quench the fluorescence of the station- 
ary phase appearing as dark spots on the fluorescent plate (Figure 4.6). 


(a) (b) 


front 


application 
line 


Figure 4.6 Detection of compounds on TLC plate. (a) A silica gel GF254 plate after separation 
irradiated with Vis light. (b) The same plate irradiated with UV light. The dark spots visible after 
UV irradiation are analytes that quench the fluorescence of the plate. 


4.7 Detection 


Even in the absence of natural color compounds can be detected using iodine 
vapor and concentrated sulfuric acid. With iodine vapor, aromatic compounds form 
brown iodine complexes. Spraying the plate with concentrated sulfuric acid with 
subsequent placement in an oven holding ~250°C, oxidation products of the 
compounds, formed during the heating in the presence of sulfuric acid, are detected 
as colored spots. Most of involatile organic compounds can be detected in this way. 

Other reagents used are chromic-sulfuric acids, benzoylbenzoic acid, and 
rhodamine B. These are just a small amount of the possible specific reagents 
that can be used. 

More advanced detection methods, which will not be discussed in depth, are 
radiochemical detection, enzymatic detection, bioautography (where microorgan- 
isms are used to detect antibacterial compounds), bioluminescence, and 
immunodetection. 

For documentation purposes, the developed plates are either scanned, video- 
recorded, or photographed. 


4.7.1 
Instrumental Detection 


Densitometers are the most common used devices to perform instrumental 
evaluation of the developed TLC plates. An optical densitometer scanner is built 
up as shown in Figure 4.7. 

A light beam with an adjustable slit size and a wavelength varying between 190 
and 800 nm is projected at 90° angle on the TLC plate. In this way it is possible to 


photodiode ‘a 
reflection ; | 
a : 
#|: | 
3 coceeeecaeiearaad 
spots ' 
TLC plate 1 


——————— 
movement of TLC plate 


- | i | 


Figure 4.7. Schematic presentation of a densitometer for TLC: 2D representation and 3D 
representation. 
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measure the amount of light either transmitted through the plate (with photodiode 
under the plate) or reflected from the plate (by the photomultiplier above the plate). 
With the light in a fixed position (which is the case in most densitometers), the plate 
can be moved in the direction of development with a certain speed allowing 
measurement of absorbance or fluorescence. 

This process is carried out automatically. In this way a “chromatogram” can be 
drawn for each point of the application line, where the x-axis is given in centimeters 
while the y-axis is given in absorbance units (Figure 4.7). These chromatograms can 
be used as normal chromatograms for quantification purposes (see Chapter 10) 

Video systems that are used for documentation of TLC can also be used for 
densitometric purposes. Using UV/V is light sources and a CCD camera, scans 
can be made of the TLC plate. These video densitometric scans can be used for 
quantification of the spots (as with normal densitometry) 


4.7.2 
TLC-MS 


Mass spectrometry (MS) is combined to TLC through an ESI (electrospray ioniza- 
tion) interface or a MALDI (matrix-assisted laser desorption ionization) interface. In 
the first case, ESI-MS is carried out using the extracts of the eluted compounds. The 
spots/zones need to be scraped off from the plate before the compounds are 
extracted. MALDI can be carried out directly on the plate after adding an appropriate 
MALDI matrix. 


Info-box 4.1 


¢ TLC is used extensively in the field of organic chemistry to monitor the course 
and quality of syntheses. 


¢ Larger volumes should not be applied in one operation. Several smaller 
applications are better than one single application that leads to band broad- 
ening. Between every application, the plate must dry. 


¢ Although quantifications can be performed using TLC, it is not the first choice 
among chromatographic techniques when low detection limits are required. 


5 
Supercritical Fluid Chromatography 


5.1 
Introduction 


A supercritical fluid is a compressed gas phase that exists at a temperature above the 
critical temperature and at a pressure above the critical pressure (Figure 5.1). 
Changes in temperature or pressure above the critical values cannot cause phase 
changes. 

Gradual reduction in pressure from the supercritical state leads into a gas phase, 
without any noticeable physical changes. Gradual reduction in temperature from the 
supercritical state leads into the liquid state, without any changes in physical 
appearance. 

A supercritical fluid has lower density and lower viscosity than a liquid, but higher 
than a gas (Table 5.1). 

This means that a supercritical fluid mobile phase results in lower column 
backpressure than a liquid. Due to the higher diffusion rates in a supercritical 
fluid than in a liquid, the column efficiency should, in principle, be higher in 
supercritical fluid chromatography (SFC) than in liquid chromatography (LC), but 
lower than that in gas chromatography (GC). However, for long columns with a 
density gradient over the column, improved efficiency compared to HPLC is not 
necessarily the case. 


Info-box 5.1 


A main feature of SFC is the ability to use much higher flow rates than in HPLC, 
due to the lower viscosity. For this reason, and because both CO, and ethanol are 
acceptable in drug purification schemes, preparative SFC, including subcritical 


fluid chromatography, has gained a significant position in the pharmaceutical 
industry. For analytical use, the main advantage is high-speed separations in the 
columns packed with small-particle materials. 


Chromatography: Basic Principles, Sample Preparations and Related Methods, First Edition. 
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Figure 5.1 Phase diagram of CO2 showing the critical point and the supercritical region. 


Table 5.1 Typical values for densities, viscosities, and diffusion coefficients in gases, liquids, and 
supercritical fluids. 


Gas Supercritical fluid Liquid 
Density (g cm?) 10°? 0.2-1 1 
Viscosity (cP) ~10° 10-7 ~107+ 
Diffusion coefficient (m* s~‘) ~5 x 107° ~108 ~1071° 


The solubility in a supercritical fluid is related to both the density and the 
temperature of the fluid, in addition to the polarity of both the fluid and the 
analytes. Solubility increases with increasing density. Solubility also increases with 
increasing temperature, like in a liquid. 

However, since increasing temperature reduces density, these two effects work in 
opposite direction. Close to the critical point, the major effect is the change in 
density. At high pressures, solubility is increased by increasing temperature, since 
density changes are smaller. This is demonstrated in Figure 5.2. 


Info-box 5.2 


Supercritical fluids have an advantage of solid-phase extraction compared to 
liquids due to the lower and adjustable density. For analytical purposes, liquid 


extraction methods are often simpler and more easily automated than the 
supercritical fluid extraction (SFE). 


The instrumentation for SFC (Figure 5.3) consists of a fluid delivery unit (pump), 
injector, column, a heated column compartment, detector, and restrictor (to main- 
tain pressure). 


5.1 Introduction 
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Figure 5.2 Yields of supercritical fluid extraction of tar mats (heavy part of crude oil) at two 
different pressures as a function of temperature. (From Ref. [3] with permission.) 


Injector © Detector 
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Figure 5.3. SFC instrument configurations. 


The restrictor can be placed prior to (a) or after the detector (b), depending on the 
type of detector. With neat CO2, the backpressure should be caused by the restrictor 
only and not by the column. With mobile phases including solvents, SFC becomes 
more similar to HPLC. 
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5.2 
Mobile Phases 


Mobile phases in SFC need to have critical values that are of practical usefulness, 
such as for carbon dioxide, with critical values of 31°C and 73 bar. 

Supercritical water, on the other hand, with a critical temperature of 374°C and 
a critical pressure of 227 bar, cannot be used for chromatography above the 
critical point, since almost nothing can withstand this temperature. However, 
since the dielectric constant of water decreases with increasing temperature, 
subcritical water has been attempted as mobile phase, at temperatures of 
100-200°C, with the flame ionization detector (FID), but only with limited 
success. 

Laughing gas (N20), with a small dipole moment, critical temperature of 36 °C, 
and critical pressure of 72 bar, has been suggested to dissolve polar solutes 
better than CO. However, the actual solubility is not much different from 
CO,, and N,O is not used today, also for reasons of safety. In mixtures 
with organic compounds, N,O can start oxidation reactions leading to an 
explosion. 

Supercritical ammonia (132°C and 111 bar) has been used for specific purposes, 
but hot ammonia is not very healthy if a leak occurs. Similarly, SO2 (158°C and 
78 bar) easily dissolves polar compounds, but unfortunately also dissolves seals and 
stationary phases. 

Methanol (241°C and 79 bar) has too high critical temperature to be useful as 
such, but has been used extensively in mixtures with CO, in order to increase the 
solubility of polar solutes compared to CO alone. Ethanol and isopropanol are other 
alcohols used in combination with CO). 

Several fluorinated hydrocarbons (CHF3, CF3Cl, and CH3F) have highly useful 
critical values, but are not used in order to protect the environment (destruction of 
the ozone layer). 


5.2.1 
CO, as Mobile Phase 


The most common supercritical fluid in chromatography is carbon dioxide, with 
a critical temperature of 31°C and a critical pressure of 73 bar. At the critical 
point, the density of CO, is 0.47gml_'. With increasing pressure, the density 
increases. With increasing temperature, the density decreases, as shown in 
Figure 5.4. 

Close to the critical point, a temperature increase may result in increased 
retention. At higher pressures, a temperature increase will normally result in 
decreased retention. 

Due to the limited solubility of compounds with polar groups in neat CO, polar 
modifiers can be added to increase the solubility. The most commonly used modifier 
is methanol. When CO) is mixed with a modifier, the critical pressure and 
temperature of the mixture are increased compared to neat CO . As long as the 


5.2 Mobile Phases 
1.25 
40°C 
60 °C 
100°C 
z 150°C 
r) 
£ 
7] 
g 
0 1 r : 1 1 
0 200 400 600 800 1000 


Pressure, atm 


Figure 5.4 Density of supercritical CO, as a function of increasing temperature. 


—*— methanol 
250 
—=-2-propanol 
—*— 1-propanol 
200 an? 
rs — ethanol 
8 —= 1-butanol 
) 150 
5 ——1-octanol 
7) 
§ 100 
a 
50 
0 
0 50 100 150 200 250 300 350 400 


Temperature, °C 


Figure 5.5 Critical pressure-temperature curves for mixtures of CO, with alcohols. (From Ref. [4] 
with permission.) 


chromatography is performed above the critical points (Figure 5.5), the accidental 
formation of two phases will be prevented. 


5.2.2 
Mobile Phase Delivery 


Liquid carbon dioxide, which normally is the main constituent of the mobile phase, 
is delivered by a dip tube from the bottom of a pressurized tank. The dip tube is 
needed to get the liquid CO , which is delivered to a large-volume cooled piston 
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pump or to a reciprocating piston pump with cooled pump heads and check valves, 
pumping the liquid at constant flow or constant pressure. On the way to the injector, 
the fluid is allowed to warm up. 

Mixtures with methanol can be obtained as premixed fluids in tanks or can be 
made by mixing streams of CO, and methanol from two different pumps. 

Methanol and CO, are miscible at almost all temperatures and in almost all ratios. 
The critical temperatures for the mixtures are always higher than the critical 
temperature for neat CO. (Figure 5.5). 

Tanks with premixed fluid suffer from the disadvantage that the concentration 
of modifier increases in the liquid at the lower part of the tank, particularly 
when there is little liquid left. The reason for this is that the gas phase above the 
liquid in the tank contains a disproportionately higher amount of CO, due to the 
higher partial pressure of CO). As a result, the liquid phase is enriched with 
modifier. 

Today, premixed fluids in tanks are little used. Pumping each constituent 
separately requires two pumps and a mixing device, but allows flexibility in 
changing the concentration of modifier, and is the preferred way to introduce 
modifier. 


5.3 
Gradient Elution 


Gradients in SFC are usually performed either with increasing pressure (increasing 
density) or with increasing temperature, or with increased concentration of polar 
modifiers (such as methanol). 

The most commonly used gradients are based on increased density caused by 
increased pressure (Figure 5.6). 


0 12 24 36 48 60 min 


Figure 5.6 Beeswax analyzed on a 10m x 50 um ID SB-Biphenyl-30 column with a pressure 
program from 115 to 415 bar at 120°C. 


5.4 Injection 


Figure 5.7 Separation of n-alkanes on 10m x 50um ID SB-Methyl with a temperature program 
from 90 to 240°C at various steps of constant density from 0.2 to 0.4g ml". (From Ref. [5] with 
permission.) 


The flame ionization detector, being a universal detector, has been important for 
SFC in open tubular columns due to the excellent quantitative properties. 

CO, and the flame ionization detector is a good combination, since CO2 has no 
response with the FID. However, mixtures with methanol do not accept the use of 
FID and other GC detectors. 

With the proper instrumentation to regulate the pressure to keep constant 
density, it is also possible to use temperature programs at constant density 
(Figure 5.7). 


5.4 
Injection 


With packed HPLC columns, conventional HPLC injectors can be used. With open 
capillary columns, split or splitless injection is needed in order not to overload the 
columns. Special injection techniques have been developed for these purposes, 
since standard GC techniques cannot be used at high pressures. With knowledge 
about the critical data of the sample solvent, a retention gap can be used to separate 
solvent from solutes and remove the solvent prior to solute focusing on the analytical 
column (Figure 5.8). 
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room temperature... 


(Safety shield 
not shown) 


Figure 5.8 Experimental setup for direct injection onto a retention gap. (From Ref. [4] with 
permission.) 


Oven wall 


... and 2.5 m (or more) 
inlet tube in the oven 
functioning as a reten- 
tion gap 


5.5 
Columns 


Two different types of columns are used in SFC. Open capillary columns with 
inner diameter (ID) of 50-100 um are used with neat CO, and flame ionization 
detection. The length of the open tubular columns is typically 10m, but longer 
columns are also employed. This is the GC mode of SFC, applicable for solutes of 
low polarity and limited size, but extending the area of GC toward higher 
molecular mass and higher boiling point. Detectors are FID or mass spectrometry 
(MS). 

The loadability is lower in open tubular columns than in packed columns. 
Figure 5.9 demonstrates the fronting peaks that are a result of overloading a 
100 um column. 

The other type of columns is the packed ones, either the conventional HPLC 
columns or the packed capillaries. The packed columns are 15-25 cm in length; 
however, depending on the particle size, longer columns can be achieved by 
coupling several columns in series, producing a separation system up to 1m 
long. This is the LC mode of SFC, especially applicable for small industrial 
polymers, for natural product components without chromophores, and for chiral 
compounds. Mixtures of CO, and methanol are the mobile phases, often with 
gradient elution. Detectors are UV, fluorescence, light scattering, or MS. 

Most separations are carried out utilizing one separation principle; however, 
multidimensional separations can also be performed. By coupling three packed 
columns (Figure 5.10), crude oils dissolved in carbon disulfide could be separated 
into three groups: saturates, aromatics, and polars. The saturates eluted directly 
through all three columns to the flame ionization detector — the first, CN-1, column 
retained the polars, while the next CN-2 and Ag (silver nitrate on SCX) columns 
retained aromatics. Aromatics were backflushed from the last two columns, and 
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Figure 5.9 Injection of 40-300 ng each of two fatty acids in a 100 tm ID nonpolar DB-1 column. 
(From Ref. [6] with permission.) 


Column oven 


Figure 5.10 Three column coupling containing contained 5 um Deltabond CN particles, the 
two packed cyano columns in series connected CN-2 column contained 7 um Brownlee CN 
to a cation exchange column coated with silver _ particles, and the silver-coated particles in the 
nitrate. The inner diameters were 1mm andthe Ag column were 10um Partisil SCX. 

column lengths were 10cm. The CN-1 column 
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(a) (b) 


-_ 


4 8 4 8 
min min 


Figure 5.11 Group separation of two North Sea crude oils, one light (a) and one medium heavy 
(b), both deasphalted into saturates, aromatics, and polars. (From Ref. [7] with permission.) 


polars were finally backflushed from the first column to the flame ionization 
detector (Figure 5.11). 


5.6 
Restrictors 


In order to maintain the pressure over the set values, a restrictor is needed after the 
column, either in front of or after the detector. With UV or fluorescence, the 
restrictor is placed after the detector, requiring a flow cell that withstands high 
pressures. With FID, MS, and light scattering, the restrictor is placed in front of the 
detector. The restrictor consists of a narrow tube, a restriction of a tube, or a frit that 
needs controlled heating to avoid being plugged by solid CO2 formed by cooling 
from expansion to the gas phase. With larger flows, a restrictor valve with an opening 
that can be adjusted is employed. 


5.7 
Detectors 


With open capillary columns and neat CO , ordinary flame ionization detectors are 
capable of handling the flow from the heated restrictor. Larger packed columns need 
a flow-splitting device. 


5.8 Current Performance 


Increased density gradients increase the noise level of the FID, reducing the 
sensitivity slightly compared to using the FID in GC. 

Almost all GC detectors can, in principle, be used in the GC mode of SFC, but 
generally with somewhat lower sensitivity than in GC, since CO2 gives a background 
noise level that is higher than hydrogen or helium. 

With packed columns and CO,—methanol mixtures, UV, fluorescence, and light 
scattering detection achieve similar sensitivity as in HPLC. 

For compounds without chromophores, the light scattering detector is the normal 
choice (Figure 5.12), particularly for carbohydrates with mixtures of alcohols and 
CO, as mobile phases. 


5.8 
Current Performance 


Many of the commercial instruments that existed in the 1980s and 1990s have 
disappeared from the market, and only a few are in operation today. 

The GC mode with flame ionization or mass spectrometry or other GC detectors is 
used in niche areas, such as for boiling point characterization of the high tempera- 
ture part of petroleum distillates. 

The LC mode with UV detection or with light scattering detection has seen a 
renaissance in the recent years, often for chiral separations or for separation of 
components in herbal products of traditional medicine. 

Thus, SFC today is a niche technique living side by side with GC and HPLC, but 
with a much smaller group of users. 


Min 


Figure 5.12 Separation of polyethylene glycols (PEG 1470) in a 25cm x 1mm ID column packed 
with 5 um Dynospheres, with 15% methanol in CO; at 60°C, with a pressure gradient from 20 to 
46 MPa, and light scattering detection. (From Ref. [8] with permission.) 
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Info-box 5.3 


More information on applications of supercritical fluids can be found in Ref. [1]. 


More information on SFC can be found in Ref. [2]. 
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6 
Electrophoresis and Potential-Driven Chromatography 


6.1 
Introduction 


Electrophoretic techniques are generally used for separation of charged analytes. 
Charged analytes move in electrolyte solutions when an electrical field is established. 
Separation is obtained if the charged analytes have different migration velocity. The 
electrolyte solution is most commonly a mixture of weak acids and bases in water. 

Electrophoretic techniques are widely used in biochemistry, especially for sepa- 
ration of nucleotides and proteins. The electrophoretic separation can be carried out 
in an electrolyte solution with close to physiological conditions, allowing the 
compounds to maintain their biological activity. The electrophoretic techniques 
can be divided into three main groups: the traditional gel electrophoretic techniques 
and the more recent capillary electrophoresis (CE) and potential-driven chromatography 
(electrochromatography) techniques. 


Info-box 6.1 


For a historical overview, refer to Ref. [1]. 


6.2 
Theory 


The term electrophoresis is used for the process where charged species (ions) in an 
electrolyte solution move under the influence of an electric field. Electrophoretic 
separation is obtained if the charged analytes have different migration velocity u. 

An ion with the charge q will be subjected to a force F = q- Finan electric field, with 
field strength E= W/L, where Vis the potential applied and Lis the distance between 
the anode and the cathode (Figure 6.1). 


Chromatography: Basic Principles, Sample Preparations and Related Methods, First Edition. 
Elsa Lundanes, Léon Reubsaet and Tyge Greibrokk. 
© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA. 
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electrolyte solution 


anode + | ® =<) - cathode 
F; F=q-E 


Figure 6.1 Forces acting on a charged species in an applied electric field. 


Due to the force, the ion will be accelerated for a very short time until the frictional 
force from the electrolyte solution F; is equal to F. When Fr= F, the ion will move 
(migrate) at a constant velocity in the electrolyte solution. 

The frictional force Fr is given by Stokes’ law: 


Fe = 6syru, 


where 7 is the viscosity of the electrolyte solution and r is the (Stokes’) radius of 
the ion. 

This equation is a simplified description, which may be modified to allow 
nonspherical shape, counterion effects, and so on. 

When F= F;, the migration speed u can be found by 


u = qE/6ran. (6.1) 
This equation shows that the migration velocity u 


® increases with increasing ion charge q, 

© decreases with increasing ion radius 1, 

® increases with increasing field strength E, and 

e decreases with increasing temperature, since the viscosity 7 decreases. 


A field strength-independent parameter for the migration of an ion is often used, 
for example, for comparing the migration of ions. This parameter yu, called the 
electrophoretic mobility, is given by u=u/E. 


6.2.1 
Secondary Effects 


When an electric field is applied, heat will be generated in the system: 


_Vi_ Ei ? 


WW ml) =F =| tA’ 


(6.2) 


where i is the current, V is the applied potential, L is the length, A is the cross- 
sectional area, and £ is the specific conductivity of the electrolyte solution. 

The heat generation limits the application of high voltages, since the field strength 
is proportional to the current (i), while the heat generation (W) is proportional to 7”. 

The generation of heat also has other unfavorable effects in an electrophoretic 
system. Due to the fact that heat dissipation takes place only from the outside 
boundary, a radial temperature gradient is formed in the separation system. With a 
variation of migration velocity of up to 2-3% per Celsius, significant band 
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Figure 6.2 Origin of electroosmotic flowina electric double layer. The predominance of 
fused silica capillary filled with electrolyte cations in the diffuse part of the double layer 
solution. A negatively charged surface with its | produces a move toward the cathode, when an 
positive accompanying counterions makes the __ electric field is applied. 


broadening may be caused by temperature gradients. However, electrolytes that have 
low ion strength and specific conductivity (but sufficient buffer capacity) can reduce 
the current and thereby the band broadening. Examples of such electrolytes are weak 
acids and bases. Cooling systems can be used to obtain a more even temperature 
throughout the separation system. Rectangular, instead of cylindrical, tubes or 
channels also provide more efficient heat dissipation. 

The heat generation may lead to degradation of thermolabile compounds. 

Another secondary effect in electrophoretic techniques is electroosmosis, some- 
times called electroendosmosis. 


6.2.2 
Electroosmosis 


The term electroosmosis is used for the phenomenon that a solvent in a capillary can 
move under the influence of an applied electric field. The movement of solvent can 
occur in open capillaries made from fused silica as well as some other materials and 
also in systems with a porous nonconducting solid matrix. Electroosmosis is 
explained in Figure 6.2. 

Ina fused silica capillary, the surface is negatively charged when the pH is >3. The 
positive counterions close to the surface are tightly bound, while the more loosely 
bound cations in the diffuse part of the double layer can move under the influence of 
an applied electric field. Because these cations are solvated, and the solvent 
molecules can hydrogen bond to other solvent molecules, the solvent is pulled 
toward the cathode. It should be mentioned that this effect occurs only in surface- 
charged capillaries with a rather narrow inner diameter (ID). 


Info-box 6.2 


With a negatively charged surface, the osmotic flow goes toward the cathode. If 


the surface is positively charged, the osmotic flow is reversed, now toward the 
anode. 
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6.3 
Gel Electrophoresis Techniques 


In electrophoretic separation techniques, as opposed to the chromatographic tech- 
niques, there is no mobile phase or stationary phase. In zone electrophoresis (a kinetic 
process), the migration length (L= u-t) is proportional to the applied voltage (u = w- E) 
and time, and separation of analytes with different charge/size ratio (q/r) is obtained. 

Electrophoretic separation can also be carried out using techniques called moving 
boundary, isotachophoresis (both are kinetic processes), and isoelectric focusing (IEF) 
(equilibrium process). Zone electrophoresis and isoelectric focusing are the tech- 
niques mostly used for analytical separations. 


6.3.1 
Gels 


In principle, the electrophoretic separation can take place in free solution, and only 
longitudinal diffusion contributes to band broadening when the temperature is 
constant. For all practical purposes, however, constant temperature in the whole 
separation medium is difficult to obtain, and due to temperature differences, 
convection occurs and gives rise to significant band broadening. In order to reduce 
the convection, one solution is to use a totally porous solid matrix as a carrier for the 
electrolyte solution. This matrix, called a gel, is now used in most of the traditional 
electrophoretic techniques. In these porous matrices, eddy diffusion and adsorption 
effects can contribute to band broadening in addition to the longitudinal diffusion. 


6.3.1.1 Polyacrylamide Gels 

Polyacrylamide is a well-defined, stable, and rather inert gel with a pore size that can 
be easily varied. It is mechanically strong, easily handled, and transparent. Due to 
relatively small pore size, the eddy diffusion is low and hence contributes little to 
band broadening. However, due to the small pore size, polyacrylamide gels are less 
suitable for separation of very large molecules such as proteins with molecular mass 
>300 000 (300 kDa). 

Polyacrylamide gels are made by polymerization of acrylamide (toxic) with N,N’- 
methylenebisacrylamide in the presence of free radicals generated from either 
ammonium persulfate (oxidative chemical initiator) or riboflavin-5’-phosphate 
(photochemical initiator). The reaction is controlled by equimolar concentrations 
of N,N,N’,N’-tetramethylethylene diamine (TEMED) as catalyst. 

The pore size is characterized by %T (total acrylamide concentration) and %C: 


at+b 


%T = x 100% 


and 


b 
AC = Paes x 100%, 


6.3 Gel Electrophoresis Techniques | 131 


where a is grams of acrylamide, b is grams of N,N’-methylenebisacrylamide, and m 
is the total gel volume in milliliter. For example, a typical 19 + 1 (acrylamide + N,N’- 
methylenebisacrylamide) gel has %T=8% and %C=5%. 

In polyacrylamide gel separations, a discontinuity in the gel and/or electrolyte 
composition (pH) can give rise to a concentration of the start band prior to the 
separation, giving better efficiency and hence resolution. 


6.3.1.2 Agarose Gels 
Agarose (a natural linear polysaccharide derived from agar) powder dissolves in 
boiling water, forming a gel when cooled to 35-43 °C. A concentration of about 1% 
agarose is commonly used. The agarose gels have generally much larger pore size 
and lesser mechanical strength than the polyacrylamide gels. The pore size of the 
agarose gels can easily be varied. 

Both types of gels are made just before use. 


6.3.2 
Instrumentation 


Different types of instrumentation are available, depending on the kind of matrix 
used as carrier for the electrolyte. The separations can be carried out in columns 
(vertically) or on thin layers (vertically or horizontally). For analytical separations, 
thin layer separation systems are the most common, as shown in Figure 6.3. 

Water cooling is used to provide constant temperature, and is especially important 
for high-voltage electrophoretic separations. Common dimensions of the thin layer 
are 5-20 cm x 5—20cm and the layer thickness is 0.1-2 mm for polyacrylamide gels 
and 5-10 mm for agarose gels (for analytical purposes). 


6.3.2.1 Sample Application 

Sample application is performed by introducing the samples into the gel before 
applying voltage for separation. Several samples and standards can be applied to the 
same gel. The samples and standards are introduced into separate wells, which are 
located in the gel on a line parallel to the side (e.g., left side in Figure 6.3). The wells 
in the gel are made when the gel is prepared by placing a form (comb) with a defined 


closed lid 


cathode - + anode 


Figure 6.3. Apparatus for gel electrophoresis. applied at x, y, or z, when the analyte charge is 
By using wicks, or by filling electrolyte solution _ negative, positive, or unknown, respectively 
at the same level as the gel, the gel is filled with (Eis the electrolyte solution). 

electrolyte solution. The sample(s) is (are) 
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(inverse) slot size. Typical size of the wells is 1 mm x 5mm, while the depth must be 
less than the thickness of the gel. The sample volume applied is typically 5-50 ul. 


6.3.2.2 Separation 

The separation starts when the electric field is applied. Each compound travels as a 
band with a velocity, which generally depends on its charge/size ratio. Identification 
of analytes can be done by comparing the migration length with that of standards 
separated in the same gel (applied in a separate well). 


6.3.2.3 Detection 

Detecting the separated compounds can be challenging in gel electrophoretic 
techniques. Detection of noncolored compounds can be performed by addition 
of reagents to the gel that react with the compounds to form colored derivatives. This 
is called staining. Excess reagent often needs to be removed by washing or electro- 
phoretically, and this is called destaining. In some cases when the staining cannot be 
performed directly in the gel, the analytes are transferred to another medium, for 
example, a nitrocellulose membrane, by contact diffusion or electrophoretically and 
detected by staining. To document the obtained visualized separation, the gel (or 
secondary medium) is photographed. DNA fragments and proteins can be tagged 
with a fluorescent compound before the separation. With UV light irradiating the gel 


Info-box 6.3 


Western blotting is a basic technique for protein detection after separation of 
denatured proteins by SDS-PAGE, but can also be used for native protein 
separations. Following the separation, the proteins are transferred by capillary 
action or electromobility to a nitrocellulose or a polyvinylidene fluoride (PVDF) 
membrane. The transfer efficiency is often checked in the gel by staining (e.g., 
with Coomassie Brilliant Blue). Subsequently, a blocking procedure is carried out 
to prevent interaction between the membrane and the antibody that is subse- 
quently used for detection of the target protein. This blocking is performed by 
utilizing a dilute solution of proteins (bovine serum albumin (BSA) and nonfat dry 
milk proteins) in a buffer containing a low concentration of surfactant. The 
blocking proteins attach to the membrane where the target and sample proteins 
have not attached. 

The detection is usually carried out in a two-step process. In step one, the 
membrane is incubated (30 min—overnight) in a dilute solution of the primary 
antibody, which is specific for the target protein. The membrane is subsequently 
rinsed to remove unbound antibody, and another antibody is applied in step two. 
This secondary antibody is often linked to a reporter enzyme such as horseradish 
peroxidase (HRP). HRP catalyzes oxidation of luminol by peroxide to produce 
luminescence light that can be captured with a photographic film or a camera. 

This technique was given the name “Western blotting” in honor of Edwin 
Southern and the West Coast location of its invention [2]. 
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after completed separation, the compounds can be detected by their fluorescence. In 
this case, photographic documentation is required. 

Documentation can also be performed with a densitometer, scanning the whole 
gel and obtaining information of the intensity as a function of location. The 
densitometer can also be used for quantitative determinations. 


6.3.3 
Zone Electrophoresis 


In zone electrophoresis, the analytes and other sample components migrate as 
zones or bands with different velocity. 

The migration length is proportional to the applied field strength and time. The 
bands are approximately Gaussian shaped. The resolution in zone electrophoresis is 
given by 


Au 


Rs =VN 
. 4u 


(6.3) 
where Au= wu; — U2, with u, and u2 being the velocity of components 1 and 2, 
respectively, and u the average of uv, and up. 

Zone electrophoresis has traditionally been categorized as high-voltage electro- 
phoresis (50-200 Vcm7') or low-voltage electrophoresis (2-10 Vcm'). 

High-voltage electrophoresis can be used for small molecules (ions), since the 
contribution to band broadening from longitudinal diffusion is less when the 
migration rate is high. The low-voltage electrophoresis is less suitable for small 
molecules. Larger molecules have smaller diffusion coefficients, and hence there is 
less contribution to band broadening from longitudinal diffusion. Thus, low-voltage 
electrophoresis that gives longer analysis time can be used for large molecules. The 
advantage of low-voltage electrophoresis is that simpler instrumentation can be used 
because less heat is generated. 


Info-box 6.4 


Since zone electrophoresis is carried out in a gel, an additional separation of the 
analytes according to their size can be obtained, depending on the pore size of the 
gel. This effect is called sieving. Small ions can move freely through the pores of 


the gel, while larger ions will be more restricted, and the restriction depends on 
their size. The sieving effect can provide separation of ions having the same 
charge/size ratio, if their size is different. 


The pore size of the gels, and hence their fractionation range, can easily be varied. 
The fractionation range indicates the molecular masses that the gel is able to restrict. 
Ions with molecular mass smaller than the low cutoff can move freely in the gel, 
while ions with molecular mass larger than the high cutoff cannot move through 
the gel. 
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6.3.4 
Isoelectric Focusing 


Isoelectric focusing is a special electrophoretic technique that is very much used, 
especially for protein separations. In IEF, a pH gradient is formed in the gel by 
including ampholytes (polyamino carboxylic acids) in the gel. The pH gradient is 
generated by a prior electrophoresis, where dissolved ampholytes are distributed in 
the gel (most commonly polyacrylamide) at their isoelectric point, resulting in a 
natural pH gradient with a resolution of 0.02 pH. Gel strips with immobilized pH 
gradients in wide pH ranges (pH 3-10) and more narrow pH ranges, the latter with a 
resolution of 0.01 pH, are commercially available. 

Isoelectric focusing is most commonly carried out as horizontal thin layer 
electrophoresis, and is mostly used for separation of proteins, often as one of 
the separation modes in a two-dimensional separation. In IEF, which is an 
equilibrium process, the proteins will migrate to the location of their isoelectric 
point and stay. 


6.3.5 
Two-Dimensional Separations 


When one separation mode is insufficient to separate all components in a sample, 
an additional separation principle, providing orthogonal selectivity, can be applied in 
a 2D separation system, similar to the 2D systems in TLC. 

The most common 2D system in gel electrophoresis is the combination of IEF and 
zone electrophoresis with sieving, mainly for separation of proteins in biological 
samples. In the first dimension, the proteins are separated according to their pl 
value; and in the second dimension, they are separated according to their size. The 
latter separation is obtained by adding sodium dodecylsulfate to the electrolyte 
solution. Since dodecylsulfate binds to (denatured) proteins giving a complex with 
identical charge/size ratio for all proteins, separation according to size only is 
obtained only in the second dimension zone electrophoretic separation. 

After the protein sample has been applied to a pH gradient strip, the pI separation 
is carried out in the first electrophoretic separation. Subsequently, the strip with 
pl-separated proteins is transferred to one side of the gel used for the second 
dimension separation, constituting the starting point of the second dimension 
separation. A schematic view of a 2D separation is shown in Figure 6.4. 


6.3.6 
Selected Applications 


6.3.6.1 Protein Separations 

Proteins can be separated by zone electrophoretic methods in both agarose gels and 
polyacrylamide gels. The agarose gels generally have large pores and the proteins are 
separated according to their charge/size ratio in these gels. The polyacrylamide gels 
have smaller pores, and the sieving effect gives an additional separation according 
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Figure 6.4 Two-dimensional separation with pl separation in the first dimension and separation 
according to size using gel sieving in the second dimension. 


to size. SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel electrophoresis) is 
very much used for protein separations. The proteins are first denatured (unfolded) 
by 2-mercaptoethanol, which breaks the disulfide bonds. SDS binds to the poly- 
peptide chain by hydrophobic interactions, and about 1.4g of SDS binds to 1g of 
protein. Since the protein SDS complexes have approximately the same charge/size 
ratio, they will migrate with a velocity that depends only on their size, due to the 
sieving effect in the gel. 

Isoelectric focusing is primarily used for protein separations, and often in 
combination with SDS-PAGE in a 2D system for separation of complex samples, 
as in proteomics. 


6.3.6.2 Separation of DNA/RNA 

Electrophoretic techniques are important tools for identification and sequencing of 
DNA and RNA. Electrophoretic techniques can commonly be used for separation of 
linear fragments from 20 to 20000bp (base pairs). However with special pulse 
techniques, DNAs with up to 5 x 10° bp can be separated. Polyacrylamide gels are 
used for DNA fragments up to 1000bp, while agarose gels are used for larger 
molecules. In a neutral or slightly basic environment, DNA molecules have a net 
negative charge distributed along the molecule, and the charge/size ratio will be 
approximately the same for all DNA molecules/fragments. Hence, without any 
sieving effect in the gel, all fragments will travel with the same velocity, and no 
separation is obtained. By using a gel with appropriate pore size giving a sieve effect 
for the fragments to be separated, separation can be achieved. The shorter DNA 
fragments will migrate faster than the longer ones in the gel. DNA fragments are 
usually tagged with a fluorescent compound before the separation for easy detection. 


6.4 
Capillary Electrophoresis 


Capillary electrophoresis is a relatively new technique. It was suggested in 1976, and 
first published in 1979. Commercial instruments became available in 1988, and the 
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Figure 6.5 Schematic drawing of a CE instrument. HV is the high-voltage supply, D is the 
detector, R; and R; are the electrolyte solution (buffer) reservoirs (vials), and B is an electrically 
insulated box. 


technique has a large application area. CE has been very important for characteri- 
zation of the human genome. 


6.4.1 
Instrumentation 


In CE, separation of charged species occurs in a capillary filled with electrolyte 
solution (usually aqueous), and the driving force is the applied potential (see 
Figure 6.5). Before analyses are started, the capillary is filled with the electrolyte 
solution using pressure (the inlet vial is usually pressurized). 


6.4.1.1 High-Voltage Supply 

The high-voltage supply provide potentials up to about +30kvV, and the typical field 
strengths used are in the range of 200-400 Vcm '. Separations can be performed 
with constant current or constant potential, the latter is preferred in most cases. 
Typical current is about 100uA at 30kV, but the current will vary with the 
conductivity of the electrolyte solution. The heat generated, because of the current, 
may lead to temperature variations in the system. 

Hence, a cooling system is most often used to give a constant temperature in the 
separation system. Both air cooling and liquid cooling systems are used in 
commercial instruments. 

Because high voltages are used, up to 30kV, the separation system needs to be 
insulated for safety reasons. 


6.4.1.2 Capillaries 

Typical inner diameter of the capillary is 50-75 um and the length is 20-100 cm. 
Fused silica capillaries with a polyimide coating are most common, but fused silica 
capillaries with an UV transparent Teflon coating and other types of capillaries are 
also used. Choice of capillary dimension is a compromise between resolution and 
detection limit. Since the optical path length is equal to the ID of the capillary with 
UV detection, the concentration limit of detection (cCLOD) will be inversely propor- 
tional to the ID; however, the bandwidth will increase with increasing diameter. An 
inner diameter of 50-75 um is a good compromise between detection and efficiency. 
With narrow ID capillaries, less heat is generated and more easily removed to obtain 
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Figure 6.6 Flow profiles in narrow capillaries. 


a constant temperature. The outer diameter of the capillary can also vary. Thin walls 
are required for air cooling systems, while thicker walls can be used with liquid 
cooling systems. The thick-wall capillaries are slightly more robust than the thin-wall 
capillaries. 

Since the separation is carried out in a narrow capillary, heat is efficiently 
transported away from the electrolyte solution, and very efficient separations (little 
band broadening) can be performed in a short time using high voltage. Plate heights 
less than 1 um can be obtained. Efficient separations can be obtained for both low 
molecular mass and high molecular mass analytes. By placing a detector close to the 
capillary outlet, the analytes can be detected online. The capillary length from the 
inlet end to the detection point is called the effective length (Lp). 

Fused silica capillaries have a negatively charged surface at pH > 3, and at pH 
above 3, and especially above pH 5, electroosmotic flow (EOF) will occur. The size of 
the EOF depends on the electrolyte composition, but can typically be 2mms '. EOF 
gives a flat flow profile as shown in Figure 6.6, the flat flow profile results in 
little band broadening and this is one of the reasons for the high efficiencies 
obtained in CE. 

The EOF can transport the analytes through the capillary depending on their 
charge. 

EOF can be minimized by using capillaries with a deactivated surface. 
Deactivation is obtained by chemically binding a ligand to the silica surface or 
by adding compounds (additives) to the electrolyte solution. Such deactivation will 
also aid in preventing unwanted adsorption of analytes to the capillary wall (which 
may be a problem with basic analytes.) 

The EOF can also be reversed by chemically binding a compound carrying a 
positive charge to the silica surface. 


6.4.1.3. Sample Introduction 

Due to the very small volumes of the capillaries used, the capillary volume is 1 ul for 
a50um ID x 50cm capillary, the injection volume need to be small (low nanoliters) 
to avoid injection volume contribution to band broadening. The maximum plate 
number obtainable in an electrophoretic separation is N = L4,/L?, where Lp is the 
capillary effective length and L; is the length of the injection band. This means that 
the injection band should be <10nl to obtain 1000 000 plates in a 50um ID x 1m 
capillary. 
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Info-box 6.5 


Injection is performed mainly as hydrodynamic or electrokinetic, but can also be 


done by isotachophoresis, special loop techniques, and various stacking techniques 
— the latter are not included in this book. For more information, refer to Ref. [3]. 


Hydrodynamic injection is performed by placing the sample vial at the inlet end of 
the capillary, allowing a small plug of the sample to enter the capillary by applying 
either pressure to the sample vial or vacuum to the outlet end of the capillary, or by 
changing the relative height of the inlet and outlet of the capillary (siphoning). The 
length of the band introduced is given by 

L, =v-t, 


where v is the hydrodynamic velocity and t is the time. 

v = pgar*Aht/8yL, (6.4) 
where p and 7 are the density and viscosity of the electrolyte solution, respectively, r 
and L are the capillary radius and length, respectively, Ah is the height difference 
between the inlet and outlet end of the capillary, and g is the gravity constant. 
Hydrodynamic injection has been performed in Figure 6.7. 
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Figure 6.7 Electropherogram of (in migration _ silica capillary in a 25 mM phosphate buffer, 
order) amphetamine, methamphetamine, pH 2.75, at 30kV. Hydrodynamic injection at 
pethidine, nortriptyline, methadone, 0.5 psi was carried out for 5s, and UV detection 
haloperidol, and loperamide (10 ug mI7! of was performed at an effective length of 55 cm. 
each) separated on a 63.5cm x 75 um ID fused 
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Electrokinetic injection is performed by placing the sample vial at the inlet end of 
the capillary and applying a potential to the system. Analytes are transferred to the 
separation capillary by a combination of their migration speed and the EOF. If no 
EOF is present, the technique is called electrophoretic injection. The electrokinetic 
injection technique may give some discrimination depending on the charge/size 
ratio of the analytes, since smaller highly charged ions will migrate faster into the 
capillary than the larger ones. 

The amount of analyte injected, Q, is given by 


Q = (Ue a Meo) Vier tC/L, 


with 1, t, and | are as already mentioned. uw. and u., are electrophoretic and 
electroosmotic mobility, respectively, V; is the injection voltage and C is the analyte 
concentration. 

Following the injection, the inlet end of the capillary is moved to a vial 
with separation electrolyte solution, and the migration is started by applying the 
separation potential. 


(6.5) 


6.4.1.4 Detection 
Detection can, in principle, be carried out using various detectors. The signal from 
the detector as a function of separation time is called an electropherogram (Figure 6.8). 
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Figure 6.8 Electropherogram of (in migration 
order) hydralazine, phenylpropanolamine, 
metaraminol, phenylephrine, cimetin, atenolol, 
and metoprolol (10 ug ml~' of each) separated 
ona 63.5cm x 75m ID fused silica capillary in 


a 25 mM phosphate buffer, pH 2.75, at 30 kV. 
Hydrodynamic injection at 0.5 psi was carried 
out for 5s, and UV detection was performed at 
an effective length of 55cm. 
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Commercial instruments are mostly available with a UV-Vis detector and some 
with a fluorescence detector. When polyimide-coated fused silica capillaries are 
used, the polyimide coating needs to be removed in the detection area. Fiber optics 
are used in most detectors. 

The most commonly used detector is the UV detector. Unfortunately, the detection 
limits are not very good. This is mainly due to the short optical path length, which is 
identical to the diameter of the capillary. 


Info-box 6.6 


Special designs as the bubble cell or high-sensitivity cell for increasing the path 


length are available, but at higher costs [4]. 


For detection of compounds without UV-Vis absorption, indirect UV-Vis detection 
can be performed with relatively good response. This principle is used, for example, 
for detection of inorganic ions. 

Fluorescence detection, especially using laser-induced fluorescence (LIF), pro- 
vides much better detection limits. Other detectors, such as the electrochemical 
detector, can also be used, but in this case a special interface separating the two 
electrical circuits needs to be incorporated. 

Mass spectrometry can also be used for detection, and commercial interfaces are 
available. With electrospray ionization, the two electrical circuits need to be 
separated in the interface. 


Info-box 6.7 


Today CE-MS/MS has become an important tool in bioanalysis, either with a 
makeup flow (sheath flow) or as a sheathless technique. For sheath flow, see 


Ref. [5]. For sheathless flow, see Ref. [6]. For the use of CE—MS in metabolomics, 
see Ref. [7]. 


6.4.2 
CE Zone Electrophoresis 


The maximum number of plates (N) obtainable is 


(Ue + Meo) Lp - V 


N= 
L-2D : 


(6.6) 


where 4. is the electrophoretic mobility of the analyte, u.. is the electroosmotic 
mobility, Lp is the length of the capillary from the inlet end to the detection point, V 
is the applied voltage, L is the total length of the capillary, and D is the diffusion 
coefficient of the analyte. 
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Figure 6.9 Relative mobilities of anions and cations with own mobilities in a separation system 
with EOF. 


The resolution is given by Rs = V/N(Au/4u) as in the gel-based techniques, where 
Au = 1 — M2, My and fz are the electrophoretic mobilities of components 1 and 2, 
respectively, and u is the average of uw, and 2, and recalling that “ = u/E=u-L/V. 

The migration velocity of an ion, u, is given by 

(He + Heo) V 


a A ae (6.7) 


where Me and feo are the electrophoretic mobilities of the analyte and of the 
electroosmotic flow, respectively. This implies that if “,, is larger than «, for all 
anions, all cations and all anions will migrate in the same direction. Neutral 
compounds will move with the velocity eo = Meo: VL. 

Figure 6.9 illustrates the relative mobilities of ions in a system with EOF. 

Zone electrophoresis is the most used technique in CE and is used for separation 
of ions and ionizable molecules. Typical electrolyte concentrations in the separation 
solution are in the range of 0.01-0.1M, and the electrolyte is often a phosphate 
buffer, as used in Figures 6.7 and 6.8. 

The electrolyte concentration in the separation electrolyte solution should be 
higher than that of the sample to avoid local potential gradients, which give uneven 
migration and zone asymmetry. 


Info-box 6.8 


The cLODs and cLOQs in zone CE (not lower than about 10 °M) are generally 
higher than in LC because of the short optical path (50-100t1m) and small 


injection volumes (2—20nl). However, CE with UV detection has become a 
valuable technique in pharmaceutical analysis of small molecules. 


The high efficiency obtainable in a short time makes this technique an important 
tool for main component assays, impurity determinations, enantiomeric separa- 
tions, and identity confirmation. These applications do not require very low 
detection limits and can mostly be carried out using the sample introduction 
methods mentioned in Section 6.4.1. Enantiomer separation is obtained by adding 
to the electrolyte solution a complex-forming compound, for example, cyclodextrins, 
which give different complex formation with the two forms. 

CE methods are now included in the European Pharmacopoeia. 
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6.4.3 
Other CE Separation Principles 


6.4.3.1 Isoelectric Focusing 
The principle behind IEF separations is described in Section 6.3. The separation is 
according to the isoelectric points. Isoelectric focusing in CE is used for protein 
separations. 

In CE, the method is carried out in the following steps: 


1) Sample application: A mixture of sample and ampholyte solution is filled into the 
capillary, most often by pressure. 

2) Focusing: High voltage is applied, and the ampholytes form a pH gradient in the 
capillary. The sample components move and are focused at their respective pl 
point. In the focusing step, the anode is placed in a low-pH electrolyte solution, 
while the cathode is placed in a high-pH electrolyte solution. 

3) Mobilization (for detection): The cathode electrolyte solution is changed to one 
with lower pH, and the analytes will migrate toward the cathode (and pass the 
detector) due to changes in the pH gradient. 


Electroosmotic flow is unwanted in IEF, since the EOF will disturb the focusing. 
Hence, surface-modified capillaries are used, that is, capillaries where the surface 
has been modified to carry no charge, to eliminate EOF, and also to avoid adsorption 
effects. 

Because the ampholytes absorb UV light at low wavelengths, wavelengths 
<280 nm cannot be used for detection. 


Info-box 6.9 


For a recent review of protein applications, see Ref. [8]. 


6.4.3.2 Gel Electrophoresis in CE 
The principle for gel electrophoresis is described in Section 6.3. The separation 
medium consists of an electrolyte solution in a gel. Performing CE in a gel-filled 
capillary has been found to be difficult, for example, because of the need to keep the 
whole gel moisturized all the time. The lifetime of gel-filled capillaries is also limited 
and, therefore, not much in use anymore. 

Only electrokinetic injection can be performed, and UV detection at low wave- 
length cannot be used because of the gel. 


6.4.3.3 Gel-Free Sieving 

In gel-free sieving systems, the medium consists of an electrolyte solution contain- 
ing linear hydrophilic polymers (e.g., polyethylene glycols). Separation according to 
size is obtained because of the resistance provided by entangled polymers. Com- 
pared to gel CE, gel-free sieving is easy to perform, the capillary system has a long 
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lifetime, and both hydrodynamic and electrokinetic injections can be used, as well as 
UV detection at low wavelengths. Gel-free sieving can also be performed using high 
voltages. Different types of polymers are available, giving a flexible system with 
regard to, for example, fractionation range. The disadvantage of gel-free CE is that 
very narrow (<50 um) capillaries cannot be used because of the high viscosity of the 
separation medium. 

Gel-free sieving CE has been very important for DNA sequencing analyses. DNA 
fragments in a sample with cycle sequencing reaction products are labeled with a 
fluorescent reagent and the sample is injected electrokinetically into capillaries filled 
with a polymer solution. When high voltage is applied, the negatively charged DNA 
fragments move through the entangled polymer in the capillaries toward the positive 
electrode, and are separated according to the number of base pairs. DNA molecules 
that differ in molecular size by only one nucleotide can be resolved. The fluo- 
rescently labeled DNA fragments, separated by size, are detected by laser-induced 
fluorescence. By using different fluorescent reagents specific for each of the four 
bases, the sequences can be specifically detected in one analysis. 


Info-box 6.10 


By using automatic instrumentation, high-throughput CE analyses have been 


performed. It has been stated that “the human genome, wherever you look at it 
being done, could not have been done without these instruments.” 


6.4.3.4 lsotachophoresis 
Isotachophoresis can be employed for separation of both anions and cations, but 
only one type at a time. The sample is introduced between two electrolyte 
solutions, one leading electrolyte solution and another terminating electrolyte 
solution. The leading electrolyte solution contains ions that have higher mobility 
than the sample components, while the terminating electrolyte solution contains 
ions that have lower mobility than the ions in the sample. When the electric field is 
applied, an equilibrium is soon established, and the individual ions will travel as 
bands through the capillary. Identification of the ions in a band can be found from 
the field strength at its location, and quantitative information is obtained from the 
length of the band. 

Generally, EOF is not wanted in isotachophoresis. Capillary isotachophoresis is 
generally not used for analytical separations, but the isotachophoretic principle is 
utilized for special injection techniques in CE. 


6.4.4 
Micellar Electrokinetic Capillary Chromatography (MEKC) 


MEKC can be used for separation of both ionic and nonionic compounds. 
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Figure 6.10 A sketch of an MEKC system. The — Ueo > |Uml, the micelles will migrate toward the 


migration velocity of the micelles is cathode. The migration velocity of the analytes 
U=Um +t Ueo, where U,, is the micelles’ will depend on their partition between the 
migration velocity and Ueo is the EOF. If micelles and the electrolyte solution. 


The separation medium consists of an electrolyte (which can be a phosphate 
buffer) and an ionic surfactant at a concentration above the critical micelle 
concentration (cmc). The formed micelles are spherical aggregates of the surfactant 
(e.g., Na dodecylsulfate), which exposes its hydrophilic end to the electrolyte solution 
and the hydrophobic tail inward, as shown in Figure 6.10. 

Depending on their hydrophobicity, neutral compounds will be partly in the 
micelle and partly in the electrolyte solution; hence, this is a form of chromatogra- 
phy. The micelle behaves like a moving stationary phase, and is considered to be a 
pseudostationary phase. Since the micelles are charged species, they will migrate in 
an applied electric field. By using a capillary that gives EOF, all compounds can 
migrate and pass the detector. MEKC can be used to separate a mixture of anions, 
cations, and neutral compounds by a combined effect of their own electrophoretic 
mobility and their micelle partitioning, but the number of compounds separated in 
one analysis is limited. 

A hydrophobic neutral solute will move with the micelle with the migration 
time tmc, while a polar neutral solute will move with the EOF with the 
migration time to. A separation window is created in-between these two values 
(Figure 6.11). The retention factor k for a neutral analyte, which is elute at tp, is 
given by 


ta — to 


Y= Calne). 


The migration velocities of anions and cations also depend on their own 


mobility. 
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Figure 6.11 Mobilities of neutral analytes in a MEKC separation system with EOF. 


6.5 
Potential-Driven Chromatography (Electrochromatography — CEC) 


6.5.1 
Instrumentation 


The basic difference between LC and capillary electrochromatography (CEC) is that 
the mechanical pump used in LC is replaced with a high-voltage source providing an 
applied voltage of 10-30kV. The applied voltage generates an electroosmotic flow 
through the column, with no pressure drop over the column. Due to the flat flow 
profile of the EOF, less band broadening occurs and higher efficiencies may be 
obtained. 

In order to get an EOF, the column material must contain charged surface 
functions, silanols, or others. 

To avoid bubble formation, an overpressure of about 5 bars can be obtained by 
including a mechanical pump. This pump is also used for rapid change of mobile 
phase and washing of the column. 

Injection is performed by electrokinetic injection at 5-10 kV as in CE or by large- 
volume injections with focusing as in LC. 

Detection can be done by UV, fluorescence, or MS detection, as in CE, but the 
detection is usually carried out in a capillary connected to the outlet end of the 
column. 


6.5.2 
Mobile Phases 


The mobile phase in CEC typically consists of water + organic modifier + buffer 
(electrolyte). The electrolyte should have a low ion strength to reduce the heating. 
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Depending on the column material and pH of the mobile phase, the EOF varies, but 
is typically 0.2-1mms 1. 

Nonaqueous systems are also possible, but the solvent needs to have a sufficient 
dielectric constant. N-methyl formamide has been used in nonaqueous CEC, and 
such systems allow the use of larger column ID (up to 200um) due to smaller 
currents and hence less heating. 

Retention in CEC depends on the concentration of modifier, which affects the 
elution strength. Organic modifier gradient elution is possible, but requires more 
complicated instrumentation. The applied potential influences the EOF (flow rate), 
as do the pH and the electrolyte ion strength. Temperature can also be used to 
control the retention. 


6.5.3 
Columns and Stationary Phases 


Three main types of columns are used in CEC: packed capillary columns, monoliths, 
and open tubular columns, all of them being made from fused silica capillaries. 

Packed capillary columns are prepared in 50-100um ID x20-50cm capillaries. 
They are packed with silica-based particles with the same or smaller particle 
diameter as in LC, but without metal frits. The frits cause disturbances by 
inhomogeneity of the field and formation of bubbles. Smaller particles than that 
in LC can be used because no pressure drop is present with potential-driven flow. 
The fused silica packed columns can be prepared by first packing the column against 
a frit. The column is subsequently sintered in the middle, and then flushed to 
remove the particles in the second part of the column. The sintering is performed by 
local heating of the silica-packing material. The next step is to sinter the inlet. Before 
use, the polyimide coating at the detection window is removed and the column is 
flushed with mobile phase by a mechanical pump. 

Due to overlap of the electric double layer, there may be no EOF inside the 
particles, depending on the pore size. With very small particles, there is also a 
possibility for overlap of the electric double layer between particles, giving a very low 
EOF in the column. 

Monoliths are made by polymerization of monomers (e.g., acrylates) in the 
presence of cross-linker, porogens, and polymerization inhibitor in 50-100 um 
ID fused silica capillaries. 

Open tubular columns are prepared with positively or negatively charged surface 
coatings. The best efficiency is obtained with <25 um ID capillaries. 


6.5.4 
CEC in Separation Science 


CEC has the potential to generate higher plate numbers than LC, can provide high 
selectivity, and has higher sample capacity compared to CE. 

Despite these facts, CEC has not become a method that is very much used. One 
reason is that commercial dedicated CEC instruments are not available, CEC 
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separations are carried out using modified CE instruments or in-house-assembled 
instrumentation. Another reason is that CEC has not found a “killer application” as 
yet and that it has been found difficult to make reproducible columns. In principle, 
CEC can utilize the same type of stationary phase as in LC, but the stationary phase 
needs to be more carefully selected since it must assist in generating the EOF. 
Another problem with CEC is that the EOF may change over time as a function of 
adsorbed matter from injected complex samples. 

At present, no commercial producer makes dedicated CEC columns. However, 
several applications using CEC have been shown, using both aqueous and non- 
aqueous mobile phases, and the technique has a great potential for separation of 
complex samples as in proteomics and metabolomics because of the obtainable high 
efficiencies. 
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7 
Chromatography on a Chip 


7.1 
Introduction 


Though developed earlier, more common use of chromatography in this 
miniaturized format did not occur until 2005. There are various, mostly in- 
house made, modes to carry out chromatography on a chip. However, in the 
recent years, more commercially developed systems have also become available. 
This chapter describes in short several general aspects with this type of 
separating devices. As with conventional liquid chromatography, chromatogra- 
phy on a chip is faced with the following concerns: how to create flow, how to 
inject a sample, which stationary phase to use (and how produced), and how are 
the analytes detected? 

As mentioned, there are numerous devices that can perform chromatography ona 
chip. Figure 7.1 gives an impression of how such a device can look like. 


7.2 
Sample Introduction 


Sample introduction is mainly performed using electrokinetic injection. The 
general principle with this type of injection is shown in Figure 7.2. In this schematic 
representation of the injection system, there are four reservoirs: the sample 
reservoir, the sample waste, the mobile phase reservoir, and the mobile phase 
waste. Each of these is connected to electrodes. 

During injection, the applied electrical field makes the sample flow from the 
sample reservoir toward the sample waste. When the sample has passed the cross 
section with the microchannel connecting mobile phase reservoir and column/ 
mobile phase waste, the electrical field is changed to direct the flow from the mobile 
phase reservoir toward the mobile phase waste. In this way, a measured amount of 
the sample is introduced onto the column. 


Chromatography: Basic Principles, Sample Preparations and Related Methods, First Edition. 
Elsa Lundanes, Léon Reubsaet and Tyge Greibrokk. 
© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA. 
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Figure 7.1 Chromatography ona chip device. _ introduced into the separation capillary and a 
Through differing power settings, liquidinthe flow of mobile phase or wash buffer can be 


capillaries of the chip can be transported generated. The part that is boxed in is either 
between the various inlet and waste filled with stationary phase material (HPLC) or 
connections. In this way, the sample can be can serve as open capillary for CE. 


[+] @ LE] @ FE] 
sw sw 


(a) (b) 


Figure 7.2. Sample introduction in chip device. applied between BR and SR and a small section 
When voltage is applied between SR and SW, of the sample is injected into the separation 


sample (in red) will be transported into the capillary (c). SR: sample reservoir, SW: sample 
capillary through EOF. After sufficient injection waste, BR: buffer of mobile phase reservoir, BW: 
time, sample will go past the inlet of the buffer or mobile phase waste. 


separation capillary (a and b). Then voltage is 


7.3 Columns and Stationary Phases 


7.3 
Columns and Stationary Phases 


Materials such as glass, quartz, polydimethylsiloxane (PDMS), polyimide, and cyclic 
olefin copolymer (COC) have been used to fabricate the chip. Often several layers are 
assembled on one device (Figure 7.1). The microstructure on the layers is machined 
by etching only or by etching and casting. An example of machining microstructure 
in glass is given in Figure 7.3. The initial layer consists of glass topped with a film of 
Cr and Au, which in its turn is topped with a photoresist film. This layer is exposed to 
UV light through a mask (in which the microstructure is carved out) (Figure 7.3a). 
The exposed part of the photoresist is developed and removed (Figure 7.3b). Thus, 
there can be contact only between the Cr and Au film and the etching reagents on the 
microstructure. First, the Cr and Au film is etched and in the second step, the glass is 
etched (Figure 7.3c). Removing both the remains of the photoresist and the Cr and 
Au layers (which were not exposed) leaves a glass layer with a nicely etched set of 
microchannels (Figure 7.3d). 


Info-box 7.1 


The column itself can be produced as a single open channel or as a branched 
system of channels starting from one microchannel and ending in another 
microchannel. The latter type is often named as COMOSS (collocated monolith 


support structure). With some of the materials mentioned, the channels can serve 
as stationary phase itself or can be functionalized by coating, packing, or in- 
column polymerization with appropriate chromatographic phases. 


UV mask ——____. (a) 
photoresistant a 
metal mask 7 
glas 
a (b) 
|i—___-—_—_] 
(c) 
=| 


Figure 7.3. Schematic representation of the fabrication of channels on a chip. (a—d): Various 
states after etching (see text). 


151 


152 


7 Chromatography on a Chip 


7.3.) 
Open Channel Columns 


Typical dimensions for an open channel column are 20 um x 60 um x 10-15 cm. 
The disadvantage with open channel columns is that there is only a limited sized 
surface on which chromatographic interactions can take place, and which in its turn 
limits the capacity of the column. This can partly be circumvented by coating the 
walls with porous particles. 


7.3.2 
Packed Columns 


Packing the open channels with functionalized particles, as in conventional liquid 
chromatography, is challenging due to reproducibility issues and difficult 
immobilization of the particles. However, at present, there are excellent commer- 
cially available chromatography on a chip devices with columns slurry-packed with a 
great variety of stationary phases. 


7.3.3 
Monolithic Columns 


By performing in situ polymerization, monolithic columns can also be produced. 
This also greatly improves the surface area compared to open channel columns. 
These monoliths can be functionalized during the polymerization or afterward. 


7.3.4 
COMOSS 


Another way to improve the surface area is branching the microchannels from one 
channel into a regular maze of microchannels. This maze of microchannels is 
generated by small uniformly shaped pillars (typical dimensions can be 4 um width x 
8 uum length x 5 um depth) placed in a regular pattern with 2 um spacing between each 
other (Figure 7.4). These pillars can be fabricated such that their surface is porous. 
The surface can be functionalized by chemical modification, for example, carbon 
nanotubes (molecular-scale tubes of graphitic carbon). This produces a layer that has 
good reversed-phase retention properties and exhibits an increased surface area. 


7.4 
Flow Management 


In order to produce a robust flow for chromatography on a chip, and which is in the 
low nanoliter per minute range, several approaches are possible. Flow is either 
produced by pressure-driven devices (referred to as top-down systems) or by 
electroosmosis-driven devices (referred to as bottom-up systems). 


7.5 Detection 


pillar 


flow 


Figure 7.4. COMOSS. Microchannels through a maze of pillars. 


Conventional HPLC pumps, in the absence of robust nanopumps, are used with a 
split to create a nanoflow. Although robust flows can be obtained, the drawbacks are 
relatively high solvent consumption and that gradients might suffer from long delay 
volumes (unless the gradient mixing chamber is close to or on the chip itself). 

Electrochemical pumps create flow-through electrolysis of the mobile phase in a 
closed reservoir on the chip. This process leads to gas formation, which in turn can 
cause a hydrodynamic flow of up to 80nl min '. 

The electroosmotic flow (EOF) is generated through attraction of the positively 
charged ions in the mobile phase close to the negatively charged surface toward the 
negative electrode (see also Figure 6.2) or, in case of a positively charged surface, 
toward the positive electrode, since a double layer of negatively charged ions is 
created. Advantage of flow generated by electroosmosis is that the mobile phase 
velocity is identical inside and outside the porous structure. For using electro- 
osmosis, it is necessary that the surface of the channel is charged. 


75 
Detection 


Laser-induced fluorescence (LIF) is particularly suited for detection on the micro chip. 
It is easy to focus the light bundle on the optical path of the system and it is little 
susceptible to background noise due to its specificity. In addition to this, combining 
LIF with sensitive photomultiplier tubes (PMT) makes it very sensitive. The LIF 
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detection system can either be an external part of the chip or, together with the PMT, 
be integrated using optical fibers. Other light sources for fluorescence detection are 
xenon and mercury lamps and light-emitting diodes (LEDs). 

Detecting the separated analytes using UV-Vis absorbance has limited use. This 
is due to the short optical path length, typically the depth of the microchannel. 
Z-shaped cells have been successfully explored in research laboratories, but are still 
less applicable than fluorescence detection. 

Mass spectrometric detection can be performed using ESI interfaces. As described in 
Chapter 3, nanospray devices show outstanding performance when coupled to mass 
spectrometry. To avoid dead volumes, the electrospray tip needs to be integrated on 
the chip. Since flow rates are low, no additional gases are needed to create a good 
working electrospray. At present, there is an increasing focus on the use of mass 
spectrometry as detection for chromatography on a chip. 

Besides the above-mentioned detection techniques, chemiluminescence, electro- 
chemical detection, and Raman scattering can be used; however, their application 
area is limited. 


Info-box 7.2 


For more information, refer to Ref. [1]. 


Reference 


1 Desmet, G. and Eeltink, S. (2013) 
Fundamentals of LC miniaturization. 
Analytical Chemistry, 85, 543. 


8 
Field-Flow Fractionation 


8.1 
Introduction 


Field-flow fractionation (FFF) was introduced by Calvin Giddings in 1966. FFF is a 
chromatography-like technique for separation of macromolecules, aggregates, and 
particles in the nanometer—micrometer range, but without a stationary phase. The 
sample components are transported by a mobile liquid phase in a channel, which 
can be rectangular in shape, made by glass or metals, covered by a top plate, or ina 
hollow semipermeable fiber. A common rectangular channel is 0.1-0.5 mm deep, 
about 50-500 um wide, and about 1m long. When a force (an external field) is 
applied perpendicular to the flow direction, some or all of the sample components 
will not only migrate toward one wall in the channel but will also tend to move back 
from the wall due to diffusion. Depending on the type of field, the kind of sample 
components, and their individual diffusion constants, concentrated zones of the 
components will be formed in some distance from the wall. Sample components 
that are little affected by the field will be concentrated in the center of the flow, while 
strongly affected components will be close to the accumulation wall. Due to the 
parabolic flow profile in the channel and the impact of the field, the central 
components will move faster than the components closer to the wall and a 
separation is obtained (Figure 8.1). 
The retention time can be given as 


where ty, is zero retention time, F is the force (field strength), w is the channel 
thickness, k is the Boltzmann constant, and T is the absolute temperature. 

This equation tells us that the retention is a function of the field strength, channel 
dimensions, and temperature. The magnitude of the field strength is related to the 
type of field and to the properties of the components. 

The force can be an electric field, a magnetic field, a thermal field, centrifugation 
or a crossflow of solvent. The latter is the more common mode. Instrumentation for 
both crossflow [flow FFF (FFFF)], sedimentation/centrifugation (SdFFF), and 
thermal (ThFFF) modes are commercially available. 
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8 Field-Flow Fractionation 


Figure 8.1 Separation of particles with FFF. 


At the end of the channel, there is a detector. A UV detector and a laser light 
scattering detector are the most common, the latter also for determining particle 
size. Off-line detection is also an alternative. 

The detector signal as a function of the retention time is called a fractogram, 
similar to chromatogram and electropherogram. 

In general, for particles smaller than about 1 um, the retention of small particles is 
less than the retention of the larger ones. However, for particles larger than about 
1um, the elution order can be reversed due to small diffusion coefficients. This is 
called the steric elution mode (Figure 8.2). 

Steric elution FFF is in fact based on the same principle as another separation 
technique: hydrodynamic chromatography. 


8.2 
Types of FFF 


$241 
Flow FFF 


Flow FFF is obtained by a crossflow of the mobile phase, usually through a 
semipermeable membrane. This can be performed with a symmetric channel 
with two semipermeable walls, with an asymmetric channel with only one perme- 
able wall, or with a hollow fiber channel. FFFF is the most universal FFF technique, 


8.2 Types of FFF 


Figure 8.2 Steric elution FFF. 


applicable to all species. The driving force F can be written as 
F=kTu/D = 3anud, (8.2) 


where u is the crossflow velocity, D is the diffusion coefficient, 7 is the viscosity, and 
d is the hydrodynamic diameter of the components. 

This equation, combined with Equation 8.1, tells us that small particles are less 
retained than larger particles in FFFF, as long as the particle diameters are much 
smaller than the channel diameter. 


8.2.2 
Thermal FFF 


Thermal FFF (ThFFF) is obtained by placing the channel between two heat 
conductive blocks that are temperature controlled. One block usually contains a 
heating element and the other a circulating coolant. A temperature difference of 
100 K on a 100 um wide channel is equal to 10° Kmm_'. 


The driving force is 
kTDy OT 
F <r =r dx 3 (8.3) 


where Dy is the thermal diffusion coefficient and 6T/dx is the applied temperature 
gradient. 
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Detector response 


Time (min) 


Figure 8.3. Separation of monodisperse latex beads by SdFFF. 


This equation, combined with Equation 8.1, tells us that the retention of the 
smaller particles is less than that of the larger ones and that the field strength is a 
function of the temperature difference. However, retention times are difficult to 
calculate because Dy values are not easily available. 


8.2.3 
Sedimentation FFF 


Sedimentation FFF (SdFFF) contains a channel attached to a spinning centrifuge. 
The driving force is the difference in effective (buoyant) mass: 


F=mw’r, (8.4) 


where m,=m(1— /p,) is the effective mass, w is the angular velocity, r is the 
centrifuge radius, p is the density of the mobile phase, and p, is the particle density. 
An example of a SdFFF separation is shown in Figure 8.3. 


8.3 
Applications 


Due to its design with channels that are 50-500 um wide, FFF is a technique that has 
mainly been applied for macromolecules. Compared to chromatographic separa- 
tions (in SEC), shearing of macromolecules is much less of a problem in FFF, 
reducing the possibility of degrading large polymers. 

SdFFF is particularly useful for determining the mass of nanoparticles with 
attached molecules, such as polymers or proteins. 


Reference 


FFFF has been used to separate gold nanoparticle rods, which are used in 
bioimaging techniques. Depending on their size, these gold rods have different 
absorption maxima. Otherwise, FFF has been used for separating protein aggregates 
(as found in the Parkinson’s and Alzheimer’s diseases), liposomes, colloids, 
different subcellular particles, carbon nanotubes, fullerenes, and quantum dots. 

FFF as a separation technique was long considered to be a method only for special 
interests. Recently, the different modes of FFF have seen a renaissance both in life 
sciences and in materials science. Future expansion will probably include both 
separations on a preparative scale and miniaturization for improved diagnostic use. 


Info-box 8.1 


More information on SFF is available in Ref. [1]. 


Reference 

1 Messaud, F.A., Sanderson, R.D., Runyon, applications in the separation and 
J.R., Otte, T., Pasch, H., and Williams, S.K. characterization of polymers. Progress in 
R. (2009) An overview of field-flow Polymer Science, 34, 351 


fractionation techniques and their 
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Sample Preparation 


9.1 
Introduction 


Although the discussed separation methods are capable of separating and quantify- 
ing analytes in complex mixtures, not all samples can be analyzed as such. There can 
be several reasons for this: 


1) The sample contains components that can interfere with the determination of 
the analytes of interest. 

2) The concentration of the analytes of interest is so low that they cannot be detected 
in a sample size that is compatible with the separation system. 

3) The sample contains components that are detrimental to the separating system. 


In these cases, a sample preparation step is needed. The goals of sample 
preparation are to remove interfering compounds from the sample, isolate 
analytes, enrich the analytes, or improve their detection properties through 
derivatization. 

It should be noted that sample preparation often is the bottleneck in modern 
analytical chemistry and that much research effort is put in establishing new 
principles and techniques and improving and automating existing techniques. 

This chapter includes the following techniques for preparing samples for analysis 
with HPLC, GC, and CE: liquid-liquid extraction, solid-phase extraction (SPE), 
solid-phase microextraction, membrane-based sample preparation, headspace, and 
protein precipitation. 


Info-box 9.1 


In order to limit the size of this chapter, extraction techniques such as Soxhlet 
extraction, microwave-assisted extraction, pressurized fluid extraction, super- 


critical fluid extraction, and others have not been included. 
For a more comprehensive overview, see Ref. [1]. 
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9.1.1 
Recovery 


An important property of a sample preparation method is the capability to recover 
the analyte from the sample. This should not be confused with enrichment (as will 
be discussed hereafter). Recovery is defined as the relative amount of analyte 
measured in the final extract compared to the amount in the original sample. 
The following equations are needed to describe the recovery: 


Cextract X Vextract 
Recovery = ——"" — SS" =x 100%, 9.1a 
es Cample x Vsample ( ) 


Cota X A 
Coxtract _ = (9.1b) 
st 


where Coxtract is the concentration of analyte in the final extract and Cyampie is the 
concentration of analyte in the original sample. Vextract is the volume of the final 
extract and Vsample is the volume of the original sample. Cig is the concentration of 
the analyte in a “blank extract” to which analyte is added. Agxtract and Agta are the peak 
areas of the analyte in the extract and of the analyte in the fortified blank sample, 
respectively. 

From a practical point of view, recovery can be measured as follows. 

Two types of samples need to be prepared: sample A is a crude sample fortified 
with a known amount of (standard) analyte, prepared with the sample preparation 
method of choice, and sample B is a crude sample in which the analyte is absent, but 
which is also prepared with the sample preparation method of choice. To this 
prepared sample B, a known amount of analyte is added. 

Prepared samples A and B are injected separately in the chromatographic system 
and their analyte peak areas are measured. 

Reliable sample preparation methods can have typical recoveries varying from 5 to 
almost 100%. Factors such as sample and analyte loss, which in their turn are caused 
by several reasons, lower the recovery. Low recovery does not necessarily mean that 
the chosen sample preparation method is unsuited. Some preparation techniques 
can lead to large enrichment factors. In case of a sample preparation method with a 
recovery of 10%, an enrichment factor of 50 would lead to a peak intensity in the 
prepared sample, which is five times higher than that in the crude sample. As long 
as the sample preparation is robust and has a good repeatability, such low recoveries 
should not be problematic. 


9.1.2 
Enrichment 


The enrichment factor of a sample preparation technique is defined as follows: 


: C 
Enrichment = —“““ x, (9.2) 
sample 


9.1 Introduction Pe 


Info-box 9.2 


Example of recovery calculation: 

Two samples are prepared, sample A and sample B, and suppose that the 
sample size is 0.5 ml. 

Sample A in this example is prepared as follows: 0.5 ml of blank plasma to 
which the analyte of interest was added (e.g., final concentration in the unextracted 
sample is 10ugml_') is prepared that yields 0.1 ml of extract. 

Sample B was prepared as follows: 0.5 ml of blank plasma was extracted 
yielding 0.1 ml blank extract. To this blank extract, a known amount of analyte was 
added (e.g., to a final concentration of 2ug ml). 

Samples A and B are analyzed separately and the peak areas are measured (e.g., 
peak areas for samples A and B are 350000 and 25 000, respectively). 

First, Cextract needs to be calculated (Equation 9.1b): 


Cextract = Concentration of the analyte in the extract of sample A 
= unknown, 


Cstq = concentration of the analyte in the extract of sample B 
=2mg ml", 


Asta = peak intensity generated by the analyte in sample B = 25 000, 
Aextract = peak intensity generated by the analyte in sample A = 350000, 


2 wg x 350000 
Cextract 25 000 


= 28mg ml’. 


Then, the recovery can be calculated (Equation 9. 1a): 


R = the recovery = unknown, 


Cextract = from Equation 9.1b = 28 mg ml, 


Vextract = Volume of the extract = 0.1 ml, 


Csample = concentration of the analyte in sample A prior to extraction 
= 10mg ml", 


Vsample = Volume of the initial sample = 0.5 ml, 


28 1! x 01m 
map 2 EE 0 = 56%, 


Recove 
_ 10mg ml! x 0.5 ml 


Equations 9.1la and 9.1b allow determination of recovery using all kinds of 
concentrations, as long as they are known. 
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where Cetract is the concentration in the final extract and C,ampie is the concentration 
in the original sample. 

Enrichment is a property related to the concentration of the analyte in the sample. 
The absolute amount of analyte will always be the same or lower (depending on the 
recovery) in the prepared sample. Enrichment and recovery are related to each other 
in the following equation: 


Vsample X Recovery 
Vextract X 100 


Enrichment = 


(9.3) 


When the enrichment factor is below 1, the prepared analyte in the sample is 
diluted, while a factor above 1 means that the analyte is enriched. Enrichment 
can be obtained simply by reducing the sample size using temperature or 
vacuum to evaporate the solvent. In this case, the analyte should not be 
thermolabile. Other more elegant techniques that both enrich the analyte and 
eliminate matrix components are solid-phase extraction and membrane 
extractions. 


Info-box 9.3 


It should be kept in mind that when discussing the concentration of an analyte in a 


sample, it always refers to the concentration in the crude sample, before any sample 
pretreatment has taken place. 


9.2 
Liquid—Liquid Extraction 


Liquid—liquid extraction (LLE) is a simple and exhaustive sample preparation 
technique, based on partitioning of the analytes between two immiscible solvents. 
In most cases, the sample containing the analytes of interest is an aqueous solution, 
while the extraction phase is an organic solvent. The partitioning coefficient Ki1x is 
given by the following equation: 


[analyte] organic ; (9.4) 


LLE — 
[analyte] aqueous 


In this equation, [analyte]aqueous and [analyte]organic are the analyte concentra- 
tions in the immiscible phases. The partitioning coefficient of a certain com- 
pound is influenced by temperature, pH, ionic strength, and nature of the 


9.2 Liquid-Liquid Extraction 


phases. In case of high values for Kyyz, the analyte is mainly in the organic 
phase, while low values for Kijz mean the analyte mainly remains in the 
aqueous phase. 

The nature of the analyte to be extracted is taken into account when choosing the 
organic phase. Nonpolar compounds are best extracted in nonpolar solvents, while 
the polarity of the organic phase should be higher for polar compounds. The ability 
to accept or donate protons is of great importance when acidic and basic compounds 
are extracted. Acids (proton donors) are best extracted using a proton acceptor such 
as diethyl ether, while basic compounds (proton acceptors) are best extracted using a 
proton donor such as chloroform. 

Charged compounds can be difficult to extract (low solubility in organic phase) 
due to ionic interactions. These interactions are strong and take place only in aqueous 
solutions between ionized acids and/or bases and water. Ionic interactions can be 
minimized by suppressing the ionization of the analytes. For weak acids/bases, this 
is easily done by adjusting the pH of the sample phase. Carboxylic acids are at least 
99% uncharged at a pH 2 units below their pK,, while basic compounds are at least 
99% uncharged at a pH 2 units above their pK,. 

For LLE, the following interactions are of importance (in increasing order of 
strength) (Figure 9.1): 


¢ Hydrophobic interactions (a) 

¢ Dispersion interactions (dipole induced) (b) 
¢ Dipole interactions (c) 

e Hydrogen bonding interactions (d) 


Hydrophobic interactions or lipophilic interactions are weak nonpolar interactions 
between the analyte and the solvent (Figure 9.1a). A typical example is the good 
solubility of aliphatic hydrocarbons in n-hexane. 

Dispersion interactions are weak attractive electrostatic interactions 
between a nonpolar, but electron-rich, molecule and a polar (or charged) 
molecule (Figure 9.1b). The polar molecule causes an electron density change 
in the original nonpolar molecule by making it slightly polar. This is called an 
induced dipole or temporary dipole. A typical example of such a compound is 
benzene. 

Dipole interactions are attractive electrostatic interactions between two molecules 
with permanent dipoles (Figure 9.1c). A typical example is the good solubility of 
aromatic nitro compounds in dichloromethane. 

Hydrogen bonding interactions are another type of dipole interactions (Figure 9.1d). 
This type of interaction occurs between the hydrogen atom that is part of a polar 
bond and an electronegative atom with a lone pair of electrons such as O and N. The 
interactions between proton donors and a proton acceptor, which is the case for both 
acids dissolved in diethyl ether and bases dissolved in chloroform, are typical 
examples of hydrogen bonding. 

Organic solvent selection in LLE can be guided by using the Snyder triangle 
(Figure 9.2). In this triangle, solvents are classified according to their properties: 
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(a) 


long distance between molecules | and Il 


molecule | permanent dipole 
molecule Il no permanent dipole 


hydrophobic interaction 
short distance between molecules | and II 


H pt H 
q H 
attraction between two permanent dipoles on acceptor donor 


molecules | and III both molecules have 
permanent dipole 


Figure 9.1 Four types of interactions in LLE. 


proton-accepting properties (x.), proton-donating properties (xq), and dipole-inter- 
acting properties (x,), and are grouped in eight different groups. Table 9.1 shows 
examples of some typical solvents, which group they belong to, and which values for 
Xe, Xq, and x, they have. 


Figure 9.2 Snyder's solvent triangle. 


9.2 Liquid-Liquid Extraction 


Table 9.1 Typical solvents and their x; values. 


Solvent Group Xe Xq Xn 

Ethyl ether 1 0.53 0.13 0.34 
Octanol 2 0.56 0.18 0.25 
Quinoline 3 0.41 0.23 0.36 
Benzyl alcohol 4 0.40 0.30 0.30 
Dichloromethane 5 0.29 0.18 0.53 
Acetonitrile 6 0.31 0.27 0.42 
Nitroethane 7 0.28 0.29 0.43 
Chloroform 8 0.25 0.41 0.33 


Xe: proton-accepting properties, xg: proton-donating properties, x,: dipole-interacting properties. 


Solvents in group 1 (e.g., methyl ¢-butyl ether) have high values for x. and are good 
proton acceptors, while solvents in group 8 (e.g., chloroform) are good proton 
donors. Group 5 represents those solvents (e.g., dichloroethane) that can give strong 
dipole interactions. 

When performing LLE, both the phase ratio and the number of extractions need to 
be considered. The phase ratio is the ratio between the volume of the organic phase 
and the volume of the aqueous phase (Vorganic/Vaqueous). A good estimate of the 
needed phase ratio is found in the equation for extraction recovery for LLE: 


Kitz X Vorganic 
Kier x [Vorganic + Vaqueous] 


Extraction recovery = (9.5) 
This equation shows that a substance with a K,;, of 1 needs a phase ratio of at least 
10 to get recoveries of 90% or higher. In case of an Kj;, of 100, a phase ratio of only 
0.1 is sufficient to obtain the same recoveries. 


Info-box 9.4 


One way to prevent the use of excessive amounts of organic solvents when Ki. 
values are low is to perform repetitive extractions. A single extraction of a 
compound with a K,.¢ of 4 from a 2ml sample with 2 ml organic solvent will 


give a recovery of 80%. A single extraction using 6 ml organic solvent will give a 
recovery of 92%. Doing a repetitive extraction of the compound from 2 ml sample 
with three times 2 ml (a total of 6 ml) will give a recovery of 99.2%. 


9.2.1 
Back Extraction 


When extracting acids and bases from an aqueous phase, the pH is adjusted such 
that these compounds are uncharged. During extraction, these compounds, together 
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with other nonpolar neutral compounds, will end up in the organic phase. Although 
there is already a good cleanup of the sample with respect to the compounds of 
interest, it might be beneficial to do an additional cleanup. This can be performed by 
back extraction. In this case, the organic phase from the extraction is mixed with a 
new aqueous phase in which the pH is such that the acids or bases of interest are 
charged. The charged acids and bases are then back-extracted into the aqueous 
phase leaving the nonpolar neutral compounds in the organic phase. 

Depending on the separation system, the extracts can either be injected directly or 
undergo an additional pretreatment. It is obvious that organic extracts cannot be 
injected directly into reversed-phase HPLC or CE. In these cases, the extracts need to be 
evaporated to dryness and redissolved in a compatible solvent. Aqueous extracts might 
be injected directly into the reversed-phase HPLC or CE. Organic extracts can be 
injected directly into a GC as long as the organic solvent is compatible with the GC 
method. Both back-extraction to low volumes and evaporation and redissolving in small 
volumes are used to enrich the extract to increase the concentration of the analyte(s). 


9.3 
Solid-Phase Extraction (SPE) 


SPE is an exhaustive and almost solvent-free sample preparation technique. 
Typically, a tube is filled with a sorbent, which can be porous particles or a 
polymerized monolith. Various interactions are used to extract analytes from 
complex samples. Many of the commercially available SPE systems are for single 
use, but some, like RAM (restricted access materials) and MIP (molecular imprinted 
polymers), are typically obtained as reusable extraction devices. As will be discussed 
in detail, the extraction sorbents mainly function as normal phase, reversed phase, 
cation exchange, anion exchange, or a combination of these. 

An important characteristic is the amount of analyte that can be extracted without 
saturating the sorbent, defined as the capacity of the sorbent. The capacity depends 
on, as with all chromatographic techniques, the type of sorbent (with or without a 
bonded phase) and the surface area. The larger the surface area, the higher the 
capacity. When testing the capacity, this should be done with a realistic sample 
matrix, since capacity does not depend only on the analyte as other compounds can 
also occupy functional groups (and thereby lower the capacity for the analyte). 

Asa rule of thumb for particle-packed normal-phase and reversed-phase cartridges, 
the capacity is approximately 5% of the mass of the packed material. This means that 
not more than 5 mg of analytes should be applied on a 100 mg packed SPE cartridge. 

For strong ion exchangers, the capacity is given in milliequivalents (mequiv) per 
gram of sorbent. One mequiv equals 1mmol of a singly charged analyte. The 
capacity of most strong ion exchangers varies between 0.2 and 0.5 mequivg '. This 
means that a 100mg packed strong cation ion exchanger with a capacity of 
0.5 mequivg | can retain 0.05 mmol of a monocharged basic compound. 

The capacity of other materials, such as weak ion exchangers, should be found 
experimentally. 
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Figure 9.3 Typical reversed-phase SPE steps. The sorbent is first (1) activated (conditioned) and 
then (2) washed (rinsed). Sample is applied (3) and the sorbent is washed (4) again before the 
analyte is eluted (5). 


Although the SPE procedure can vary, in general it is carried out in the following 
steps (Figure 9.3): 


1) conditioning of the sorbent, 
rinsing the sorbent, 


) 
) 
) application of the sample, 
) 
) 


BWwWN 


rinsing the sorbent with solvent of appropriate elution strength, and 
elution of the analyte with appropriate elution strength solvent. 


Ww 


Although these steps are common for most of the SPE procedures, the nature of 
the analyte, the sample, and the SPE sorbent determines which solvent should be 
used in each step. 

Table 9.2 shows typical properties for each of the steps for four commonly used 
SPE sorbents. 


Table 9.2 Various sorbents and the typical steps to be carried out during the SPE process. 


Sorbent 
Reversed phase Normal phase Cation / Anion exchange 
Step Condition with a Condition with a Condition with buffer of 
1/2 nonpolar solvent, then nonpolar solvent sufficient ion strength and 
rinse with water with appropriate counterion, then 
appropriate pH rinse with water or buffer with 
appropriate pH 
Step 3 Apply the sample 
Step4 Rinse witha polar solvent _ Rinse witha Rinse with a weak buffer with 
with appropriate pH nonpolar solvent an appropriate pH 
Step5 — Elute with a nonpolar Elute with a polar _—_ Elute with a strong buffer with 
eluent with appropriate eluent with an appropriate pH 
strength and pH appropriate 


strength 
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During the conditioning step, the sorbent is wetted (or solvated). 
As mentioned earlier, there are several types of SPE sorbents, either with or 
without a bonded phase. The most used sorbents are discussed in Section 9.3.1. 


Info-box 9.5 


SPE can also be carried out online with HPLC in a column-switching system [2]. 


9.3.1 
Normal Phase 


In the normal-phase extraction, compounds with polar functional groups are 
extracted from a nonaqueous sample. Retention is based on polar interactions 
such as charge-based interactions, hydrogen bonding, dipole-dipole interactions, 
and dispersion interactions between the sorbent and the analyte. Charge-based 
interactions are often not required in the normal phase, since they are very strong 
and difficult to disrupt (Figure 9.4). 

Some of the other interactions are already discussed and shown in Figure 9.1. 

Typical functional groups that can interact with the sorbent are hydroxyl, amino, 
carbonyl, aromatics, double bonds, and groups containing heteroatoms such as 
oxygen, nitrogen, sulfur, and phosphor. 

Typical sorbents for normal-phase SPE are silica, cyano, diol, NH2 (all silica based), 
alumina (Al,O3 based), and Florisil (MgSiO3 based) (Table 9.3). 

Since normal-phase SPE is usually based on polar interactions, it is of importance 
that both sample matrix, conditioning, equilibration, and wash solvent, are nonpolar 
organics. This is to ensure that there is no elution of the analyte (and thereby analyte 
loss) during sample application and sorbent wash. The analytes are eluted by 


SiH SiH SiH Ss 
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Figure 9.4 The positively charged MDMA interacts strongly with the negatively charged silanol 
groups. 
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Table 9.3. Sorbent name, its chemical structure, and main use. 


Sorbent name Chemical structure Use 
Silanol | NP 
— Si—— OH 


Cyano | NP/RP 


Diol 6H NP/RP 
| Lee. 
~y CH,0H 
Amino (NH)) NP 
| ee ee NH» 
C18 | RP 
“i — CigH37 
C8 | RP 
| — CgH17 
C2 | RP 
i — CoH, 
Cyclohexyl | RP 
Phenyl | RP 
— Si 


NP: normal phase, RP: reversed phase. 
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applying a stronger polar (organic) solvent, that is, solvents with high eluotropic 
strength (e°)(Table 3.2). 


Info-box 9.6 


Many of the interactions discussed in this chapter are also discussed in 
Section 3.5. 


9.3.2 
Reversed Phase 


Reversed-phase extractions are used to enrich nonpolar compounds from a polar 
sample matrix. The extraction is based on interactions between carbon-hydrogen 
bonds from the compound and the sorbent. These hydrophobic interactions are 
shown in Figure 9.1a, and have been discussed in Section 3.5.2. Most organic 
compounds contain carbon—hydrogen-rich groups and will, therefore, be retained. 
Exceptions are ionized compounds or compounds with relatively many polar 
functional groups. Silica-based materials modified with C2, C4, C8, C18, cyclohexyl, 
phenyl, and cyano groups are examples of reversed-phase sorbents (see Table 9.3 for 
their structures). 

Special care should be taken to get robust and repeatable reversed-phase SPE. All 
hydrophobic sorbents need to be activated; this is done by solvation with a polar 
organic solvent (e.g., acetonitrile or methanol). The polar organic solvent needs to be 
removed with water or a buffer; remains of polar organic solvent, due to its elution 
strength, might disturb the analyte—sorbent interaction. The sample, a polar matrix, 
is applied and the sorbent is washed with water or a buffer to remove all polar 
constituents. Elution of the analyte is carried out with a mixture of aqueous buffer 
and a polar organic solvent, having appropriate elution strength, leaving more 
hydrophobic sample constituents on the SPE sorbent. 


9.3.3 
lon Exchange 


In ion exchange extraction, compounds with charged functional groups are 
extracted from an aqueous sample. Retention is based on charge interactions 
between the sorbent and the analyte. When acid compounds need to be extracted, 
anion exchangers are used. In case of basic compound extraction, cation exchangers 
are used. In both anion and cation exchange, a difference is made between weak and 
strong ion exchangers (see also Section 3.5.3). A weak exchanger contains functional 
groups as bonded phase on the sorbent in which charge can be influenced by the pH 
of the buffer used during extraction. An example of a weak anion exchanger is 
sorbent NH) (pK, approx. 9.8). This material will be positively charged below pH 7.8 
(99% protonated 2 pH units below its pK, value) and mainly uncharged at pH values 
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Figure 9.5 Interaction between quaternary ammonium sorbent and benzoic acid at pH values 
below and above the pK, value of benzoic acid. 


above 11.8 (99% deprotonated 2 pH units above its pK,). An analyte such as benzoic 
acid with a pK, value of 4.2 will have minimal interaction at pH 2, since it will be 
uncharged. At pH 7, benzoic acid will interact strongly with the anion exchanger, 
since the analyte is negatively charged and the anion exchanger is positively charged. 
At pH 12, there will be minimal interaction, since the anion exchanger is uncharged 
(Figure 9.5). 

A strong ion exchanger contains functional groups that are charged throughout 
the whole pH range. An example of a strong cation exchanger is a bonded aliphatic 
sulfonic acid. This strong acid has a pK, below 1, indicating that it is negatively 
charged at all times. The only effect the pH will have on the interaction between a 
positively charged analyte and this strong cation exchanger is related to the pK, value 
of the basic functional groups of the analyte. The local anesthetic drug lidocaine 
(pK, 7.9) will interact with the strong cation exchanger at pH 5 (both cation 
exchanger and analyte are charged), but will have no interaction at pH 11 (only 
the cation exchanger is charged) (Figure 9.6). 

There are several types of ion exchangers and some common ones are listed in 
Table 9.4. 
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Figure 9.6 Interaction between sulfonic acid sorbent and lidocaine at pH below and above the 
pK, value of lidocaine. 
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Table 9.4 Four different ion exchangers with their chemical structure. 


Sorbent/type exchanger Surface/pK, 
Propylsulfonic acid/SCX SiCH,CH,CH,S0O3_ 
Aliphatic carboxylic acid/WCX SiCH,CH2,COOH/4.8 
Quaternary amine/SAX SiCH,CH,CH2N*(CH3)3 
Aminopropyl/WAX SiCH,CH2,CH2NH;2/9.8 


WCX: weak cation exchanger, SCX: strong cation exchanger, WAX: weak anion exchanger, SAX: strong 
anion exchanger. 


Conditions of activation of the ion exchange sorbent, sample application, 
sorbent wash, and elution are to a high degree dependent on the nature of the 
analyte and the bonded phases. Table 9.5 shows a specified overview of the 
conditions of these steps. 


Info-box 9.7 


lonic interactions in SPE are very strong interactions. It often requires strong 


conditions to release analytes completely when these are bound electrostatically 
to the solid-phase sorbents. 


Table 9.5 Various sorbents and the typical steps to be carried out during the ion exchange 


process. 
Sorbent Conditioning Sample application” Wash Elute?) 
activation”) 
SCX Water or Buffer with pH < Buffer with pH <__—_ Buffer pH > 
buffer p Kanalyte —2 D Kanalyte =9 Pp Kanalyte +2 
pH>7 
WCX Buffer with pH < Buffer with pH <__— Buffer pH > 
pK2yvte _ 2 but pKanalyte _ 2 pk™ve + 2 or buffer 
preferably above pH 7 preferably above — pH < pKs*ent_ 2 
in case of WCX pH 7 
SAX Water or Buffer with pH > Buffer withpH > Buffer pH < 
buffer pKeye 4 2 pH > pK™ ye 4.2 pKeanelyte _ 2 
pH <7 
WAX Buffer with pH > Buffer with pH > Buffer pH < 
pKzv'e 4 2 preferably pk2™'e 4 2 pk=™ve _ 2 or buffer 
below pH 7 preferably below pH > pKS™>et 4 2 
pH 7 


a) Ion strength should be kept low to allow analyte retention. 
b) Ion strength can be high to elute analyte. 
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9.3.4 
Mixed-Mode lon Exchange 


Mixed-mode ion exchange SPE combines reversed phase with ion exchange. Using this 
mode of SPE, very clean extracts of analytes can be obtained. Mixed-mode ion exchange 
will retain both neutral compounds and charged compounds. A typical example of a 
mixed-mode cation exchanger is an aromatic sulfonic acid bound to a hydrophobic 
sorbent. A typical mixed-mode anion exchanger is a quaternary amine bound to a 
hydrophobic sorbent. The great advantage of these materials is that after sample 
application, ionizable analytes interaction depends on both charge and hydrophobicity. 
After sample application, the sorbent can be rinsed in two steps. The first step is rinsing 
with an aqueous buffer with low pH (in case of extraction of a basic analyte on a mixed- 
mode cation exchanger) to remove all salts and polar acids, or rinsing with an aqueous 
buffer with high pH (in case of extraction of an acidic analyte on a mixed-mode anion 
exchanger) to remove all salts and polar bases. In step two, the rinsing solvent should be 
an acidic organic solvent (e.g., formic acid in methanol; in case of a basic analyte on a 
mixed-mode cation exchanger) or a basic organic solvent (e.g., ammonia in methanol; 
in case of an acidic analyte on a mixed-mode anion exchanger). During the second step, 
the analytes will remain on the sorbent, but the uncharged hydrophobic compounds 
will be washed away. Elution is done with a basic organic solvent in case of a basic 
analyte on a mixed-mode cation exchanger or with an acidic organic solvent in case of 
an acidic analyte on a mixed-mode anion exchanger. 


9.3.5 
MIP 


Molecular imprinted polymers are tailor-made materials for particular analytes. A 
template (structurally related or identical to the analyte) is used to generate a sorbent 
with the highest interaction selectivity toward the analyte of interest. Figure 9.7 
shows the general manufacturing process of molecular imprinted materials. 

One or several monomers with the ability to be cross-linked and the template are 
mixed together. The monomers are chosen such that they interact (hydrogen bonding, 
ionic interactions) with the template. When the monomers are arranged around the 
template, they are polymerized. The polymerized product is subsequently ground and 
sieved to obtain particles with a certain size. The particles now contain the template 
captured in the tailor-made cavity. After packing cartridges or columns with the MIP 
material, the template needs to be washed out. MIP materials are typically for reuse. 
Molecular imprinting can also be performed with porous layers/thin films. 


Info-box 9.8 


If the intended analyte is used as template, a complete removal of the template is 


often difficult. For this reason, templates with slightly different structure are often 
used. 
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(b) 
(c) (d) 
Figure 9.7 Manufacturing of MIP material. monomers are polymerized in the presence of 
(a) Monomers and template are mixed. the template. (d) The template is washed out 


(b) Through specific interaction, the monomers and leaves a specific cavity. 
are arranged around the template. (c) The 


monomer 


9.3.6 
RAM 


Restricted access materials (Figure 9.8) are mostly used with online sample cleanup 
and enrichment of protein-rich biological samples. The crude samples, even as 
complex as serum or plasma, can be injected without any pretreatment. The 
commercially available RAM cartridges are reusable. The sorbents (alkyl-diol silica 
ADS) are hydrophilic on the outside, while the surface in the pores is modified with 
hydrophobic groups (C4, C8, or C18). 

Large biomolecules, too big to enter the hydrophobic pores, do not interact (or 
interact little) with the hydrophilic groups outside the sorbent and are eluted in the 
void. Smaller compounds, which can enter the pores, interact with the pore surface 
and are retained. 

One disadvantage of RAM is the possibility of losing protein-bound analytes. 


9.3.7 
SPE Hardware 


The widespread use of SPE has resulted in several formats in which this extraction 
technique can be performed. 

Cartridges are the most used format in SPE. They are relatively low in price, mostly 
disposable, and with few solvent limitations. SPE cartridges can be obtained for 
normal phase, reversed phase, ion exchange, and mixed mode. 
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Figure 9.8 The inside of the pores is covered with hydrophobic alkyl chains, allowing interaction 
between small analytes and the sorbent. The outside of the particles is covered with a hydrophilic 
diol causing larger biomolecules to pass. 


The cartridges are filled with the sorbent, the amount varying from a few 
milligrams to several grams. The volume of the cartridge can vary from 500 ul to 
over 50 ml, depending on the capacity needed and the volume of the sample. 

Application in all steps is done on the top of the sorbent bed. Flow-through of the 
liquid is mainly generated by reduced pressure, which is created from the bottom. 
Most commercial cartridge-based SPEs are performed on vacuum manifolds that 
can handle several cartridges at a time. Other ways to generate a flow-through are 
pressure (from top) or centrifugation. Fully automated SPE systems are commer- 
cially available. 


9.3.7.1 Disks 
A similar format is the SPE disk. The disk itself is disposable and placed in a 
reusable holder, as shown in Figure 9.9. 

SPE disks are preferred over SPE cartridges when large sample volumes need to 
be processed or when the sample contains particles (which might clog the SPE 
cartridges). The disks are made of an inert fiber matrix in which the sorbent is 
incorporated. The sorbent type can vary from reversed phase (polystyrene divinyl- 
benzene, C8, and C18) to ion exchange. When the disk is placed in the reusable 
holder, they are used as packed SPE cartridges. After use, the disk is thrown away. 

From the SPE disks, it is very easy to produce in-house small sample SPE devices 
by punching a number of small “cushions” that are placed together in a narrow 
pipette tip. 
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Figure 9.9 Reusable SPE cartridge with disk and a microscopic view of the disk material. 


Info-box 9.9 


Vacuum manifolds, which can handle several SPE cartridges simultaneously, 
reduce the sample preparation time for larger samples series. Problems may 
occur if the flow-through speed during activation, application, washing, and 


elution varies from cartridge to cartridge. The flow should not be too fast (leading 
to bubble formation in the protein-rich samples such as plasma) and cartridges 
should not run dry (except for the elution step). 


9.4 
SPME 


Solid-phase microextraction (SPME) is a solvent-free sample preparation technique. 
The volume of the extraction phase is very small compared to the sample volume. 
The extraction is not exhaustive, but is based on equilibrium between the sample 
and the extraction phase, which is located on a fiber. SPME involves an adsorption 
step of the analyte, from a gas headspace or in a liquid sample (direct immersion), 
and a desorption step, which often is coupled directly with injection in the analytical 
system. Although SPME is mainly used in combination with GC, it has also been 
automated for HPLC. Figure 9.10 shows a schematic representation of an SPME 
device. 


9.4.1 
Adsorption/Extraction 


The SPME fiber most often consists of fused silica, coated with a polymer (stationary 
phase), which is bound to a plunger (stainless steel). It is placed inside a hollow 
needle with a diameter that allows it to move freely in and out. SPME devices 
resemble to a large extent a microliter syringe. The extraction fiber is moved out and 
inside the needle using the plunger. 


9.4 SPME 


Figure 9.10 The coated fiber that is lowered into the sample solution contains an interacting 
sorbent, thus extracting analytes. 


Sampling is carried out by penetrating the needle through the septum of a sample 
vial followed by pushing approximately 1cm of the fiber outside the needle into 
the sample. When adsorption equilibrium is obtained, the fiber is withdrawn from 
the sample and into the needle. Adsorption equilibrium varies from 2 to 30 min. The 
equilibrium reached can be described as follows: 


n= Kg VeCo. 


This is a simplified representation where n is the amount of analyte extracted, Kg, is 
the distribution coefficient of the analyte between stationary phase and sample, V; 
is the volume of the stationary phase, and Cp is the start concentration of the analyte 
in the sample. The sample volume is not of importance in SPME, since it relies on 
the equilibrium (nonexhaustive) and the fact that the volume of the stationary phase 
is very small compared to the sample volume. This makes SPME a good sample 
preparation technique for “in the field” sampling. Note that the equilibrium is 
obtained much faster when performing headspace sampling compared to immer- 
sion sampling. This is due to the faster movement of the analytes in the gas phase 
compared to that in the liquid phase. 

In contrast to SPE, the SPME fiber can be reused up to 100 extractions and more, 
depending on the sample type. 


9.4.2 
Desorption/Injection 


Desorption of the analytes from the SPME fiber is carried out in the injector of the 
analytical system. 
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9.4.2.1 SPME-GC 

Since the stationary phase of the SPME fiber is not affected by increased tempera- 
ture, desorption is often integrated with injection onto a GC column. Usually 
splitless injectors are used (see Chapter 2). The syringe with the fiber on the inside is 
positioned into the injector. The inner diameter of the injector liner should be 
compatible with the outer diameter of the SPME syringe. High temperature in 
the injector causes desorption of the analytes from the stationary phase. The analytes 
are thus trapped on the GC column (as described in Chapter 2). 


9.4.2.2. SPME-HPLC 

Similar to the SPME-GC desorption/injection system, SPME and HPLC 
desorption/injection can be combined. The most common way to do this is to 
use a Six-port injection valve (as described in detail in Chapter 3). In SPME-HPLC, 
the injection loop is replaced by a desorption chamber. 

The SPME syringe is introduced into the desorption chamber having the six-port 
injection valve in the load position. The fiber is positioned and sealed to avoid 
leakage from the system under pressure. This step is followed by valve turned to 
inject position with desorption into the mobile phase and subsequent transfer to the 
analytical column. 


9.4.3 
SPME Fiber Materials and Extraction Parameters 


There are several stationary phases in use for SPME. Table 9.6 lists the most 
common stationary phases as well as their interaction mode. 

Besides the nature of the stationary phase, the thickness of the coating also plays a 
key role. The thickness varies from 100 um downward to 7m. The thinner the 
coating, the shorter the equilibration time needed. Depending on the volatility of 
the analytes, the SPME procedure can be optimized by choosing the appropriate 
stationary phase thickness. The more volatile the compound, the thicker the coating. 
Low-volatile compounds are extracted using a thin coating. 

Factors, other than the already mentioned, affecting the adsorption during SPME 
are pH, ionic strength, use of water and organic solvents, temperature, agitation, 
and time. 


Table 9.6 Stationary phases for SPME. 


SPME stationary phase Interaction 
Polydimethylsiloxane (PDMS) Nonpolar to moderate polar 
Polyacrylate (PA) Moderate polar to polar 
Polydimethylsiloxane-divinylbenzene (PDMS-DVB) Nonpolar to moderate polar 
Carbowax-divinylbenzene (CW-DVB) Polar to moderate polar 


Polydimethylsiloxane—carboxene Nonpolar to polar 


9.4 SPME 


9.4.3.1 pH 
Best recoveries are obtained when the analytes are in their uncharged state. This 
means, as with the other extraction techniques discussed, that the pH of the sample 
should suppress ionization of basic and acidic compounds. Neutral compounds are 
not affected by pH. It should be noted that since SPME fibers can be reused up to 
100 times, it is important that the pH range of extraction should be within 2 and 10 
(in case of immersion SPME). 


9.4.3.2 lonic Strength 

Increasing the ionic strength by adding salt, for instance, NaCl or NazSOx, decreases 
the solubility of analytes in the aqueous sample. This salting out effect, caused by the 
fact that water molecules are attracted to the salt ions and thus less available to 
solvate analytes, may increase the recovery of analytes. This is especially useful in 
trace determinations. However, increasing the ionic strength almost always 
increases the recovery and the effect of salt should therefore always be determined 
experimentally. 


9.4.3.3 Water and Organic Solvents 

Sample dilution can improve recoveries in SPME greatly when dealing with complex 

samples. This is because adsorption of the analyte to matrix components can be 

reduced, and diffusion can be increased, by a simple dilution step using water. 
The use of organic solvents on the contrary should be avoided since they have a 

negative influence on the distribution of the analyte between the stationary phase 

and the sample. 


9.4.3.4 Temperature 

When developing the SPME method for the analyte of interest, temperature is 
an important factor to optimize. Increasing the temperature leads to a higher 
diffusion rate and a decreased equilibration time. High temperatures will also 
lead to increased analyte concentration in the headspace. However, the extrac- 
tion recoveries decrease, since the distribution of the analyte between the 
stationary phase and the sample becomes less favorable. Low temperature, 
on the other hand, will result in long equilibration time (less diffusion), but in 
higher recovery (favorable distribution). When low detection limits need to be 
reached, SPME at low temperatures should be chosen. In case of speeding up 
the extraction procedure, high temperatures are advantageous. Also, higher 
molecular mass compounds and less volatile compounds are extracted better at 
higher temperatures. 


9.4.3.5 Agitation 

The adsorption step in SPME can be accelerated using agitation in order to reduce 
equilibration times and thus extraction time. Agitation is performed by magnetic 
stirring, vortex mixing, or sonication. Note that sonication can lead to increased 
temperature of the sample and thus a change in distribution of the analyte between 
the stationary phase and the matrix (see above). 


181 


182 


9 Sample Preparation 


9.4.3.6 Extraction Time 

As mentioned earlier, extraction time should be chosen to ascertain equilibrium. In 
this case, the best detection limits are reached. In addition, increase in extraction 
yield is highest in the first part of the extraction and becomes less when time evolves. 
When sampling using short extraction times, repeatability is often poor, but is 
improved when extraction times are close to or at equilibrium time. However, when 
high throughput (i.e., analysis of many samples in a relative short time span) is 
demanded or when equilibration times are very long, long extraction times are not 
always chosen. In these cases, extraction of the analytes is carried out under 
nonequilibrium conditions, which has an effect on the recovery. 


Info-box 9.10 


A more detailed description of SPME concepts as well as experimental consider- 


ations can be found in Ref. [3]. 


9.5 
Protein Precipitation 


Endogenous and exogenous substances often need to be determined in samples, such as 
plasma and serum, which are very protein-rich and complex matrices. The protein 
content usually makes the determination difficult and protein removal is often required, 
for example, by protein precipitation. Most used protein precipitation agents are organic 
solvents, salts, and acids. Table 9.7 shows some of the most used precipitants and the 
amount needed to precipitate 95 and 99% of all proteins. The precipitated proteins are 
removed by centrifugation, and the supernatant is used for analysis. 

When miscible organic solvents are added to aqueous solutions, the dielectric 
constant (e°) is decreased. This leads to compressed hydrated layers of the proteins, 
which in its turn allows proteins to interact with each other. The lower the dielectric 
constant, the more easily this interaction occurs, causing aggregation and precipitation. 


Table 9.7. Solvents and solutions used for protein precipitation. 


Precipitant Final concentration needed to precipitate 
er 95% protein 99% protein 
Acetonitrile 0.65 50% 60% 
Ethanol 0.88 60% 75% 
Methanol 0.95, 60% 75% 
Acetone 0.56 50% 60% 
10% TCA = 15% 
6% HClO, 30% 45% 


Saturated (NH4)2SO4 65% — 


9.6 Membrane-Based Sample Preparation Techniques 


Acids decrease the pH of the solution and thus influence the charge of the 
proteins. Proteins have zwitterionic properties due to their acidic and basic moieties. 
A low pH will cause the acidic moieties to be uncharged and the basic moieties to be 
positively charged. Some acids, such as trichloroacetic acid (TCA), will be able to 
form neutral ion pairs with the basic amino acids resulting in uncharged proteins 
that can interact, aggregate, and precipitate. 

Salts compete for water molecules in the solvation layer around the proteins. The 
more the salt in solution, the more the water associated with the ions, and thus 
the decrease in solvation layer. The hydrophobic parts of the proteins then become 
more exposed causing increased interaction between the proteins, which, in its turn, 
causes aggregation and precipitation. 

Protein precipitation is a very simple sample preparation technique with the 
disadvantage that the resulting sample, although stripped for proteins, is still very 
complex and not always compatible with the separation system and thus requires an 
additional cleanup step. It should be kept in mind that a sample precipitated with the 
TCA might be too acidic to inject directly into an HPLC system and that a 50% 
organic modifier content might cause severe band broadening. In addition, the 
samples get more diluted, thus lowering the concentration of the analytes. Adjusting 
the pH can circumvent HPLC incompatibility for the acid-precipitated samples. 
Solvent evaporation can lead to both less band broadening and analyte enrichment 
when protein precipitation with organic solvents is carried out. 


Info-box 9.11 


Although protein precipitation is little labor intensive and relatively easy to 
perform, it should be kept in mind that the resulting supernatant often needs 


some kind of treatment before injection into the HPLC (such as evaporation of 
organic solvents to dryness followed by reconstitution, pH adjustment, or 
precipitation of acidic reagents). 


9.6 
Membrane-Based Sample Preparation Techniques 


9.6.1 
Microdialysis 


The principle of dialysis is based on the free movement of small molecules through a 
semipermeable membrane (thickness 9-30 um), whereas larger molecules (e.g., 
proteins) are not able to cross. Small molecules move through diffusion from a high- 
concentration zone to a low-concentration zone. Scaling down this process to small 
hollow fiber membranes is referred to as microdialysis. This sample preparation 
technique can be used to isolate compounds from tissue or other complex samples. 
In contrast to most other sample preparation techniques used for biological 
samples, only the unbound free fraction of the analyte is isolated in this method. 
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This is of particular interest for determination of drugs. Most drugs bind to proteins 
to a certain extent (up to 99%) and only the unbound fraction is biologically active. In 
such cases, microdialysis gives an estimate of realistic free concentration. Factors 
such as flow rate of the perfusate, diameter and length of the membrane, molecular 
mass cutoff, and membrane composition have influence on microdialysis. 


9.6.1.1 Perfusion Flow Rate 

Microdialysis is typically carried out using a flow ranging from 0.5 to 5 ulmin ' and 
is therefore referred to as a dynamic process. Flow rates exceeding 10 ul min! will 
cause high backpressure in the microdialysis probe and thus a net flow out of the 
membrane. Because there is a flow of liquid in the lumen of the fiber membrane 
(this liquid is called perfusate), equilibrium between the concentration of the analyte 
in the sample and the perfusate will never occur. The concentration of the analyte in 
the perfusate will therefore be lower than at equilibrium conditions. In general, low 
flow rates in the microdialysis probe give higher recoveries than the high flow rates. 


9.6.1.2 Diameter and Length 

Diameter and length of the microdialysis probe are determined by the site of 
sampling (see below). In general, the larger the area of the membrane, the higher the 
recovery of the analyte. 


9.6.1.3 Cutoff 

Although membranes with a cutoff between 5 and 35kDa are mostly used, the 
higher molecular mass cutoff membranes are also commercially available. The 
values given suggest that analytes with a molecular mass up to the cutoff value can 
be isolated. However, this is not the case, since these values reflect the cutoff mass at 
equilibrium. The cutoff value during microdialysis will be considerably lower and it 
is therefore recommended not to choose a cutoff too close to the molecular mass of 
the analyte. For a membrane with a cutoff of 5kDa, the recovery of compounds 
larger than 1kDa is lowered due to lower diffusion. 


9.6.1.4 Membrane Chemistry 

The membrane ideally should be of an inert material. However, because the 
chemical structure of the membrane might contribute to various interactions, 
the recovery of a certain analyte can vary with the membrane used. Table 9.8 lists 
some of the polymers used in microdialysis. 


Table 9.8 Polymers used in microdialysis. 


Cellulose acetate 

Cuprophane (CUP) 
Polyacrylonitrile (PAN) 
Polycarbonate—polyether (PCE) 
Polyethersulfone (PES) 
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9.6.1.5 Application of Microdialysis 

Microdialysis is performed in brain, liver, heart, skin tissue, and blood. Sampling in 
tissue is perhaps the most interesting use of microdialysis. The temperature (in case 
of in vitro sampling), the diffusion of the analyte in the tissue, and the flow rate (e.g., 
in case of blood) in the sample have effect on the recovery. Sampling in tissue is 
performed using a small probe containing the hollow fiber membrane. The small 
probe is inserted in the tissue of interest and functions as a kind of blood capillary. A 
concentric probe is used in sampling from brain tissue or blood. A linear probe is 
used not only for sampling in soft tissue such as liver or skin but also for sampling of 
water and soil. Microdialysis allows in situ sampling as well as continuous sampling. 


9.6.1.6 How to Analyze the Dialysate? 

The perfusate after microdialysis sampling is often compatible with both subse- 
quent liquid chromatography and capillary electrophoresis analysis. In an off-line 
separating system, the microdialysate fractions are first collected and then analyzed. 
Analysis of the microdialysate can also be performed online. For this, the micro- 
dialysis and the separating unit need to be coupled. 

Online coupling the microdialysis to HPLC involves six-port switching valves. The 
flow of the microdialysis is trapped either in a loop or in a precolumn before it is 
transferred to the analytical column. By using a double six-port switching valve 
system, both sampling and analysis can be carried out at the same time. A major 
challenge with such a system is that sampling time and analysis time should be 
compatible. Analyses using HPLC are relatively long, which means that rather long 
sampling steps are necessary. 

By coupling microdialysis to capillary electrophoresis, much shorter sampling times 
can be used, since the separating step can be very fast. As mentioned in Chapter 6, 
injection volumes are in the nanoliter range. This allows not only short sampling times 
but also a low perfusate flow rate that will give better detection limits (Section 9.6.1). 


9.6.2 
LPME 


In liquid-phase microextraction (LPME), a liquid membrane is used to enrich and 
isolate analytes from a complex sample. The liquid membrane, which is immiscible 
with water and the sample matrix, is immobilized in the pores of a porous hollow 
fiber. Such a liquid membrane is referred to as a supported liquid membrane (SLM). 
Immobilization of the SLM is achieved by simply dipping the hollow fiber in an 
organic solvent allowing the pores to be filled. Figure 9.11 shows a schematic 
representation of LPME. 

Depending on the nature of the analytes and the chromatographic system needed 
to analyze the extracts, LPME can be carried out in a two- or three-phase mode. In 
both two- and three-phase LPME, diffusion of the analyte in the sample matrix and 
in the SLM is of great importance. Good diffusion and agitation (of the LPME device) 
lead to improved extraction. Ideally, the extraction comes to an end when an overall 
equilibrium is reached. 
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needle guide 


<— screw cap 


<— sample vial 


acceptor solution 
porous fiber 


sample (donor solution) 


Figure 9.11 LPME equipment. A hollow fiber —_ with an acceptor solution, which following the 
with pores filled with an organic solvent extraction can be analyzed without further 
(nonmiscible with water) placed in a sample treatment. 

solution. The inside of the hollow fiber is filled 


9.6.2.1 Two-Phase LPME 

In two-phase LPME, both the SLM and the acceptor solution are the same organic 
solvent. After immobilizing the SLM, the same solvent is injected into the lumen of 
the fiber where it serves as acceptor phase. Extraction is based on partition of 
the uncharged analyte between the sample matrix (donor phase) and the organic 
phase. In general, nonpolar compounds will have a large partition coefficient 
(Kacceptor/sample), While polar compounds will have a small partition coefficient. 
Two-phase LPME is fully compatible with GC, since the acceptor phase is an organic 
solvent that can be directly injected into the chromatographic system. 


9.6.2.2 Three-Phase LPME 
In three-phase LPME, the SLM separates the sample matrix from the acceptor phase, 
which is situated in the lumen of the fiber. Extraction is based not only on 
the partition of the uncharged analyte between the donor phase and the SLM 
(Ksim/sample) but also on the partition of the analytes between the SLM and the 
acceptor phase (Kacceptor/stm)- AS Will be discussed later, adjustment of the pH in the 
acceptor phase to charge the analytes improves the extraction recoveries, since it 
influences the partition of the analyte between the SLM and the acceptor phase. 
Three-phase LPME can be fully compatible with HPLC when the acceptor phase 
has a pH that does not damage the column (for silica-based reversed-phase columns, 
between pH 2 and 8). Since it is an aqueous solution, it can directly be injected into 
the chromatographic system. 


9.6.2.3 Enrichment in LPME 

A great advantage of LPME is the large enrichment factor that can be reached. The 
acceptor phase has a typical volume varying from 2 to 30 ul. The volume of the donor 
phase can vary from as low as 50 ul to much more than 11. This makes it possible to 
achieve considerable enrichment of the analyte in the acceptor phase. In case of a 
20 wl acceptor phase and a 20 ml donor phase, the enrichment can theoretically be up 
to 1000 times (with maximal recovery). 
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This not only means that much lower detection limits can be reached but it also 
implies that with low recoveries, still good extractions can be performed. In case of 
5% recovery and an enrichment factor of 1000, the acceptor phase still contains 
20 times higher concentration of the analyte than the donor phase. 

Factors affecting the extraction recovery are pH of the donor phase, pH of the acceptor 
phase (in case of a three-phase LPME), composition of the SLM, and extraction time. 


9.6.2.4 Donor Phase pH 

As with other extraction techniques based on partitioning of the analyte between an 
aqueous phase and a nonpolar phase, it is of principal importance to suppress 
ionization. The pH of the donor phase needs to be basic, ideally 2 pH units higher 
than their pK, value, to deprotonate basic analytes. The pH of the donor phase needs to 
be acidic, ideally 2 pH units lower than their pK, value, to protonate acidic analytes. 


9.6.2.5 Acceptor Phase pH 

To improve extraction recoveries in a three-phase LPME system, the partitioning of 
the analyte between the SLM and the acceptor phase can be influenced greatly by 
adjusting the pH such that basic and/or acidic analytes become charged. In this way 
the partition equilibrium changes, and most of the analytes move from the organic 
phase (SLM) to the aqueous acceptor phase. In practice, this means a pH in the 
acceptor phase is ideally 2 pH units below the pK, value for a base and 2 pH units 
above the pK, value for an acid. 


9.6.2.6 Composition of the SLM 

At present, LPME is still a noncommercial microextraction technique and many 
different SLM compositions have been used. Generally, for nonionized compounds, 
1-octanol and toluene have been mostly used in two-phase LPME, while 1-octanol 
and dihexyl ether have been mostly used in three-phase LPME. In some cases, 
carriers or ion pair reagents are added to the sample phase to extract charged 
analytes. An example of this is the addition of aliphatic sulfonic acid to the donor 
phase at pH 7. At this pH, it will form ion pairs with positively charged basic 
compounds. The neutral ion pair is extracted into the SLM. At the interface between 
the SLM and the acceptor phase, which exhibits a low pH, the basic analytes are 
released through protonation of the aliphatic sulfonic acid (Figure 9.12). 


Donor phase Organic phase Acceptor phase 


C,Hn.,S0; + peptides <== C.H,,..SO,-Peptide => C.H,,,,SO; + peptide 


C,Hone3SO, +H* => = C,H,,.,503- H ee CHS, +H + 


Figure 9.12 lon pair-mediated transport of peptides through LPME membrane. 
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9.6.2.7 Extraction Time 

The extraction time in LPME must be determined experimentally and is dependent 
on the size of the sample. A small sample size leads to a rapid equilibrium and thus 
short extraction times, while large samples need much longer time to reach 
equilibrium. In all cases, the recovery increases with the increasing extraction 
time. Typical extraction time for a 1ml sample is about 10-20 min, while 4ml 
samples at least need 45 min. 


Info-box 9.12 


A more detailed description of the LPME concept as well as experimental 


considerations can be found in Ref. [4]. 
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10 
Quantitation 


10.1 
Introduction 


The term quantitation (or quantification) is used when the concentration of one or 
more analytes is determined in a sample. Quantitation can be carried out in various 
ways depending on the analysis method. In column chromatography methods, 
quantitation is based upon establishing the relationship between the amount or 
concentration of analyte passing the detector and the detector response, using either 
peak height or peak area. For planar chromatography methods like thin layer 
chromatography (TLC), quantitation can be performed by visually comparing 
spot intensities or by using a scanner, or by determining the concentration of 
the compound in a solvent after elution from the layer. 

Peak heights are measured from the baseline to the peak maximum, as shown in 
Figure 10.1. The peak height can be measured manually by a ruler or by a data 
processing program. Peak areas are determined by the data processing program used. 


Info-box 10.1 


Former quantitation methods 
(their precision given in brackets) 
Manual measurement of peak height and peak width at half peak height: 


h x by/2n (3%) — presupposes triangular peak 

planimetry (3%) — by using a “mechanical integrator” 

cut and weigh (2%) — time demanding/requires homogeneous paper 
integrator (0.5%) — must know what the integrator does 


In order to obtain reliable quantitation, the chromatographic peak needs to be 
sufficiently large compared to the noise level, well separated from neighboring peaks 
in the chromatogram, and also sufficiently narrow. Errors may occur in both peak 
height and peak area determinations if a compound is not sufficiently separated 


Chromatography: Basic Principles, Sample Preparations and Related Methods, First Edition. 
Elsa Lundanes, Léon Reubsaet and Tyge Greibrokk. 
© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA. 
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Figure 10.1 Quantitation based on peak height or peak area measurements. 


from, for example, the solvent (peak 1 in Figure 10.2) or it elutes as unresolved peak 
(peaks 3 and 4 in Figure 10.2). 

Error in quantitation may also occur if the mobile phase flow rate changes in the 
analysis series. The peak height can vary with mobile phase flow rate for both 
concentration- and mass-sensitive detectors, while the peak area will vary with 
mobile phase flow rate for only the concentration-sensitive detectors. Hence, no 
error occurs with variation in flow rate if peak area is used in quantitation with a 
mass-sensitive detector such as the flame ionization detector (FID). 

The peak height needs to be larger than 10 times the noise level for reliable 
quantitation. In chromatography, a peak is commonly defined to be detectable if the 
peak height is three times larger than the noise (Figure 10.3); however, a higher peak 
is normally required for quantitation. The concentration of analyte corresponding to 
a peak with signal (S)-to-noise (N,_,) ratio of 3 is called the concentration limit of 
detection (CLOD), while a concentration that gives a peak with an S/N,_, ratio of 10 is 
called the concentration limit of quantitation (cLOQ). The noise N,_p is measured as 
shown in Figure 10.3. 


Figure 10.2 Measuring peak heights and area in complex samples (only main peaks are labeled). 


10.1 Introduction 


Figure 10.3. Measurement of noise, N,-p, and peak height at cLOD where the peak height (S) is 
three times the N,_p. 


The cLOD of an analyte is highly dependent on the chromatographic conditions. 
Conditions providing narrow peaks give the best detection limit, as shown in 
Figure 10.4. 

A chromatographic analysis method usually consists of one or more 
sample preparation steps in addition to the chromatographic separation and 
detection used for quantitation (Figure 10.5). All three steps — sample preparation 
(Chapter 9), chromatographic separation, and detection — contribute to the method’s 
selectivity. 

In order to obtain reliable quantitation, the total method needs to be calibrated. 


(a) 


(b) 


faut , ed A ny 


Figure 10.4 Chromatograms of analyte with same concentration in both (a) and (b). Better 
chromatographic efficiency in (a) gives better detection limit. 


off-line 
or on-line 


Sample - : 
renaraan: 


Figure 10.5 Total method involving sample preparation, chromatographic separation, and 
detection. 
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10.2 
Calibration Methods 


Four different principal methods can be used for quantitation. The simplest one is 
normalizing peak areas. In this method, the area of all peaks in the chromatogram is 
summed and the amount of each compound is calculated as area%, assuming equal 
detector response: 


peak area 


area% = x 100%. 


total area 


This method can be used to determine the relative amount of components in a 
sample, assuming that all components elute at the given conditions. When the 
relative detector response of the components is not known, only semiquantitation 
relative to one compound can be obtained (assuming identical response factors). If 
the relative response of the components is known, their percentage ratio in the 
sample can be found. Their response factor can be determined by establishing a 
curve where detector response is plotted as a function of their concentration. The 
slope of the curve represents the response factor. 

The three other methods — standard addition, external standard, and internal 
standard — give more accurate quantitation. 


10.2.1 
External Standard 


In the external standard method, a calibration curve for the analyte(s) is established by 
analyzing calibration solutions containing accurate concentrations of analyte standard 
and plotting the detector response as a function of the concentration (Figure 10.6). 


area or peak height of standard analyte 


concentration of standard analyte in calibration samples 


Figure 10.6 Calibration curve for external standard. 


10.2 Calibration Methods 


If the analytical method consists of only the chromatographic quantitation step, 
calibration solutions containing analyte standard in the same solvent as the 
sample are sufficient. When the total method also includes one or more sample 
preparation steps, the calibration solutions must be made by spiking (fortifying), 
that is, adding standard analyte to a blank sample (which does not contain analyte 
in concentrations above the cLOD) at various concentrations. These fortified 
samples must be prepared in the same way as the samples and analyzed by the 
same chromatographic method. Strict volume control must be maintained in the 
sample preparation and injection volume. Hence, the external standard method 
can only be used, for example, for high-performance liquid chromatography 
(HPLC) analyses, but not for gas chromatography (GC) analyses, since the latter 
lacks volume control during injection. For the same reason, external standard 
calibration can be used with simple sample preparation like protein precipitation 
(because volume can be controlled), while it is not appropriate for, for example, 
solid-phase extraction (SPE) and liquid-liquid extraction (LLE). The calibration 
curve is established by plotting the detector response (y) (peak height or peak area) 
as a function of the concentrations (x) obtained when spiking blank samples with 
varying amounts of standard analyte. It should be mentioned that the difference in 
slope of the calibration curves obtained in this way compared to that obtained 
using calibration solutions in solvent only, reflects the recovery of analyte during 
sample preparation. 

Finding the concentration of an analyte in the analyzed sample is done by 
measuring the analyte peak (height or area). This value (y) is substituted in the 
calibration equation y = ax + b to find the concentration, or this value is used in the 
plotted calibration curve to find what concentration the analyte has. 


10.2.2 
Internal Standard 


In the internal standard (IS) method, a known amount of a known compound called 
the internal standard is added to the sample and all calibration samples/solutions. 
The internal standard must be chromatographically separated from the analytes, 
unless mass spectrometry (MS) detection is utilized. A calibration curve is estab- 
lished based upon fortified samples, where the concentration of the analyte is varied, 
while the amount of IS is kept constant (Figure 10.7). 

The requirements for the internal standard are as follows: 


¢ must be separated from other compounds in the sample (except with MS 
detection), 

© must have retention time close to the analytes (two or more IS may be required for 
multianalyte quantitation), 

¢ must behave like the analyte(s) with respect to sample preparation, extraction, 
derivatization, and so on, 

¢ must be added in a concentration that give preferably equal peak height or peak 
area to that of the expected concentration of analyte, 
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area (or peak height) ratio A/IS 


concentration A/concentration IS in calibration samples 


Figure 10.7 Calibration curve for internal standard method where A is analyte and IS is internal 
standard in calibration samples. 


¢ must not be present in the sample, 

¢ must be stable (i.e., not reacting with other compounds in the sample, stationary 
phase, or mobile phase), and 

¢ must be available with high purity. 


Note that as for the external standard method, the same type of sample as the one 
that is to be analyzed without containing analyte above the cLOD (blank sample) 
must be available for preparing the calibration samples. The calibration samples are 
made by spiking blank samples with varying amounts of standard analyte(s) and a 
constant amount of the internal standard(s). The calibration samples are subjected 
to the same sample preparation and chromatographic quantitation as the samples, 
which are fortified with same amount of the internal standard(s). The calibration 
curve is established by plotting the analyte signal versus IS signal as a function of 
concentration ratio of analyte and IS. If the IS concentration is kept same for 
calibration samples and samples, the concentration of analyte can be used instead as 
the x-axis (Figure 10.7). 

An example of internal standard quantitation is given in Table 10.1. 

The calibration curve is shown in Figure 10.8; by using linear regression 
calculations, the concentration of A in the sample was found to be 0.36 ug ml ' 
(s=0.023 ug ml’) 


10.2.3 
Standard Addition 


The standard addition method is relatively little used in chromatography mainly 
because several analyses are needed per sample, and this is quite time consuming. 
In the standard addition method, the sample is divided into several aliquots, to 


10.2 Calibration Methods | 195 


Table 10.1 Example of internal standard calibration. 


Concentration of A Concentration of IS Area of A Area of IS 
(ug ml~") (ug ml~") 


Calibration samples 


1 0.0240 0.3000 5201 56146 
2 0.0961 0.3000 16518 51438 
3 0.3124 0.3000 52488 48592 
4 0.6008 0.3000 108915 52622 
5 0.9613 0.3000 165851 49503 
6 1.2016 0.3000 241615 56496 
Sample 

Replicate 1 0.3200 74555 59760 
Replicate 2 0.3200 76321 69222 
Replicate 3 0.3200 65348 53803 


The concentration of the analyte A in a sample is to be determined by a chromatographic method. 
Analyses of the calibration samples and three replicates of the sample are compiled. 
Note that in this example, the concentration of IS in sample and calibration samples is different. 


4] y = 1.0617x - 0.0202 


Area A/area IS 


0 1 2 3 4 5 
concentration A/concentration IS 


Figure 10.8 Calibration curve for quantification of analyte A. 


which varying amounts of standard analyte are added. The resulting samples are 
analyzed and the detector response is plotted as a function of concentration of 
added standard analyte. The concentration of analyte in the sample is found by 
extrapolation of the curve. The number of samples prepared depends on the 
precision and accuracy needed. The standard addition method is mostly used 
when no blank sample containing the analyte at concentrations below cLOD can 
be found. 
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10.3 
Method Validation 


A chromatographic quantitation method most often consists of both a sample 
preparation step and the analytical chromatographic method. To ascertain that a 
method is suitable for its intended use, validation of the method is carried out. 

During the method development, several parameters need to be examined and 
choices made. The need for preconcentration of analyte prior to quantitation must 
be assessed, as must the need for purification (isolation). The solvents used during 
sample preparation must be carefully selected, and the final solvent must be 
compatible with the chromatographic system used for quantitation. The stability 
of the analyte must also be considered. 

In the chromatographic method, the injection method and volume must be 
chosen. The separation principle, the stationary phase, and the mobile phase 
composition must be chosen to obtain baseline separation of the analyte(s) from 
other compounds in the sample. Tailing of the chromatographic peak should be 
avoided, as should overloading of the column. A chromatographic separation with 
repeatable retention times is required. 

The type of detector should be selected carefully. Either a universal or a selective 
detector can be used, depending on the task at hand. A requirement of the detector is 
that it should provide long-term baseline stability, have a large linear range, and give 
low detection limits. 

When the method is considered satisfactory, validation is carried out before the 
method can be put into use. Various validation guidelines are used, depending on 
the requirement of the authorities and laboratories. Only the most important and 
common parameters are included in Section 10.3.1. 


10.3.1 
Validation Parameters 


The following parameters should be investigated: 


Concentration limit of detection (CLOD) 
Concentration limit of quantitation (cLOQ) 
Linearity 

Range 

Repeatability 

— Within-assay (within-day) 

— Between-assay (between-day) 
Accuracy 

Selectivity 

Robustness 

Stability 


cLOD and cLOQ should be determined by analysis of sample containing analyte at 
these concentrations. Extrapolation using higher concentrations should be avoided. 


10.3 Method Validation 


0.3.1.1 Linearity and Range 

Linearity is the concentration range where the detector response is directly propor- 
tional to the analyte concentration, starting from cLOD, and can be examined by 
spiking a blank sample with varying concentrations — from cLOD to concentrations 
that give a nonlinear response or to the concentration level that is of interest. The 
(linear) range is the concentration range usually from the cLOQ to the upper 
concentration that has been examined for precision and accuracy (and linearity). The 
range of the method covers the concentrations expected to be found in the samples 
to be analyzed with the developed method. 


10.3.1.2 Repeatability 

Repeatabilities are usually determined at three levels: at cLOQ, at, for example, 50 
times cCLOQ = Cy2x, and at 1/2C,,,x, by analyzing several (more than five) sample 
replicates at each level within an assay or a day if possible. The between-assay or 
between-day repeatabilities are determined by analyzing one replicate of each of the 
three concentrations several subsequent days (>5). 


10.3.1.3 Accuracy 

Accuracy can be best found by analysis of a reference material. Unfortunately, very 
few reference materials containing an organic analyte are available. The second best 
method is to analyze the same sample using the developed method and another 
quite different established method, if available. However, very often the analyst has 
to settle with another approach. In such cases, the calibration curve is constructed as 
described in Section 10.2. Then samples are made by fortifying blank matrix with 
standard analyte. This is done at three concentration levels (low, middle, and high). 
These samples are prepared exactly the same way as the samples of the calibration 
curve. The content of analyte is then determined by using the calibration curve. By 
dividing the found concentration by the theoretical concentration, a value for the 
accuracy is found. This value should be close to 100%. 

Accuracy can also be referred to as bias. 


10.3.1.4 Selectivity 

A method is specific if it is completely selective for one particular analyte or group of 
analytes. The selectivity of a chromatographic method is defined as its ability to 
measure accurately an analyte in the presence of interferences likely to be present in 
the sample matrix. To show the method’s selectivity, compounds likely to be present 
must be chromatographed under the same conditions as the analyte(s) to prove that 
they are sufficiently separated from the analyte(s) (or do not give any interfering 
detector signal) to allow reliable quantitation of the analyte(s). 


10.3.1.5 Robustness 

Robustness testing is performed to examine the effect of operational parameters on 
the analysis results. Typical parameters to evaluate are mobile phase pH, mobile 
phase flow rate, percentage of organic modifier, and column temperature. To 
examine the effect of variation in pH when the mobile phase pH is, say, 5.5, 
analyses are carried out at, for example, pH 5.3 and 5.7. If no significant change in 
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analysis results is found, the mobile phase pH is not that critical; but if the analysis 
results are different, a strict pH control of the mobile phase is required. 


10.3.1.6 Stability 

Stability testing is performed to ensure that the analyte concentration does not change 
during sample storage, sample preparation, and sample analysis. The freeze and thaw 
stability of analyte in matrix as well as the short-term stability of analyte in matrix at 
room temperature should be examined. The long-term stability of analyte in matrix 
stored in freezer should also be tested, as should the stability of stock solution and 
working solutions of the analyte and internal standard. The stability of the analyte (and 
IS) is satisfactory when the determined concentration is within the limits of accuracy. 


10.3.2 
Validation Procedure: A Simple Example 


No universal method for validation exists, but several standard operation procedures 
for method validation can be found in the literature and from regulatory agencies 
such as ISO/IEC 17025 and FDA CGMP. 

In the following, a rather simple validation procedure is presented, but the reader 


Info-box 10.2 


For more information on validation guidelines in biological samples, refer to Ref. [1]. 


should be aware of the fact that the requirements for the validation can be different 
depending on the users of the method and its intended use (e.g., legal consequences). 


Example of method validation 

A very simple procedure to check the linearity and precisions as within-assay (or 
within-day) and between-assay (or between-day) repeatabilities and also the accuracy 
at three concentration levels is presented: 


1) Establish the cLOD of the total method and calculate the cLOQ as three times the 
cLOD. 

2) Make fortified (spiked) samples with concentrations of the analyte corresponding 
to cLOQ, and, for example, 50 times cLOQ = Cynax (depending on the methods 
intended use), and concentrations in between in the following ways: 


cLOQ (n = 6 replicates), 
1/4C max (0 = 1), 
1/2Cmax (n = 6), 
3/4Cmax (0 = 1), 
Cmax (n = 6), 


Reference 


where n indicate the number of replicate samples prepared. One analysis of each 
is commonly performed. To all these samples must be added internal standard (if 
available) at a concentration that gives a signal that is ~20-40% of that of analyte 
Cmax- All these samples must be analyzed the same day (or in the same assay). 
Choose one replicate result randomly from each of cLOQ, 1/2Cmax, and Cmax, 
and use these together with those of 1/4Cy,.x and 3/4Cnax to investigate the 
linearity of the method (in the selected range). 

Calculate the precision (within-assay repeatabilities) at cCLOQ, 1/2Cmax, and Cmax 
using the six replicate results at each concentration. 

To establish the between-assay repeatabilities, prepare and analyze one fortified 
sample at concentration levels cLOQ, 1/2Cmax, and Cmax each day for 5 subse- 
quent days. Together with a randomly selected replicate from the same concen- 
tration levels from the first day, the between-assay (n = 6) can be established for 
these three concentration levels. 

To determine accuracy, additional samples at concentration levels cLOQ, 
1/2Cmax, and Cyax need to be prepared and analyzed (n =6 for each concentra- 
tion level). This is only done within-assay. 


Reference 


1 


Guideline on bioanalytical method en_GB/document_library/ 
validation. European Medicines Agency, Scientific_guideline/2011/08/ 
2011. http://www.ema.europa.eu/docs/ WC500109686.pdf. 
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